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Abstract

The Long Trace Profiler (LTP) is in use at several synchrotron radiation (SR) laboratories throughout the world and

by a number of manufacturers who specialize in making grazing incidence mirrors for SR customers. Recent

improvements in the design and operation of the LTP system have reduced the slope profile error bar to the level of 0.3

microradians RMS over measurement lengths of 0.5 meter. This corresponds to a height error bar on the order of 20

nanometers. This level of performance allows one to measure with confidence the shape of large cylinders and spheres

that have kilometer radii of curvature in the axial direction. The LTP is versatile enough to make measurements of a

mirror in the face up, sideways, and face down configurations. We will illustrate the versatility of the current version of

the instrument, the LTP n , and present results from two new versions of the instrument: the in-situ LTP (ISLTP) and

the Vertical Scan LTP (VSLTP). Both of ihem are based on the penta-prism LTP (ppLTP) principle with a stationary

optical head and moving penta-prism. The ISLTP is designed to measure the distortion of high heat load mirrors during

actual operation in SR beam lines. The VSLTP is designed to measure the complete 3-dimensional shape of x-ray

telescope cylinder mirrors and mandrels in a vertical configuration. Scans are done both in the axial direction and in the

azimuthal direction.
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1. Introduction

The Long Trace Profiler (LTP) is a non-contact optical profiling instrument used for measuring the surface slope

and figure errors on large cylindrical mirrors, such as those used in x-ray beam lines at synchrotron radiation (SR) light

sources. 1' ^ Surface slope errors with a magnitude of a few micro radians on grazing-incidence mirrors seriously

compromise tbe beam quality of 3rd generation SR sources. Knowledge of the precise surface curvature of meter-long

cylindrical and toroidal minor segments is essential for the proper assembly and alignment of SR beam lines. The LTP is

optimized for measuring the absolute surface figure of large, long-radius minors. Tbe quality of a particular measurement

is dependent upon tbe size of the error bar that is placed on tbe measured quantity. Too often the measurement error is

overlooked in interpreting metrology results and in comparing measured quantities to a set of design specifications. A

number of error sources inherent in the design of the commercial version of the instrument, tbe LTP II, have been

identified mat affect measurement accuracy and repeatability. Various techniques and methods have been devised to control

and eliminate them.3-9 In this paper we introduce recent improvements to the LTP system mat have significantly

improved the repeatability and accuracy of tbe measurement These improvements include tbe addition of a Dove prism

to the standard LTP n and the penta-prism LTP technique (ppLTP) which consists of two versions: the in-situ LTP

(ISLTP) and the vertical scan LTP (VSLTP). The Dove prism LTP is in use at the Advanced Photon Source (APS) at

Argonne National Laboratory, while the ppLTP is in use at ELETTRA in Italy routinely for four years as well as at

Continental Optical Corp. The ISLTP has been successful in minor beat load distortion measurements at ELETTRA and

has served as a prototype for a new version now undergoing testing at APS. The VSLTP is under development at the

Continental Optical Corp. in collaboration with BNL through a NASA Phase IISBIR grant. With these efforts tbe LTP

has opened a wider applications in the field of SR optics, high power laser optics, FEL optics, adaptive optics, and X-ray

or larger aperture astronomy telescope optics.

2. LTP II error correction methods

Based on tbe principle of tbe pencil-beam interferometer developed by von Bieren,* ̂ » ̂ ^ Ihe LTP is optimized for

measuring large fiats and spheres and especially aspheric surfaces with extremely long radii of curvature in the tangential

direction, such as grazing incidence toroids and cylinders. The standard LTP configuration is capable of measuring

surfaces with a maximum of 10 mrad of surface slope change over scan lengths of up to 2 meters. Tbe LTP is ideally



suited for this application.

The accuracy of scanning profiling instruments, such as the LTP, is critically dependent on the stability of the

system during the finite time it takes to complete a measurement. The present LTP system, the LTP II, can measure at a

maximum rate of about 3 points per second. During mis time a number of changes may occur to the system that will

affect the quality of the data.

The LTP measures the local slope profile of a surface by measuring the angle at which a laser probe beam is

reflected as it is translated across the surface by a linear translation stage. *»*'1 1 ) 1 2 A simplified schematic of the LTP

optical system is shown in Fig. 1. A beam splitting arrangement separates a laser beam into a pair of collinear beams,

separated by a distance of about one millimeter. The beam pair is split into two pairs by a polarizing beamsplitter (PBS),

and each set is separately directed into the reference arm or the test surface arm of the system. Upon reflection from the

test and reference surfaces, both sets of beams are directed back into the optical head, where they pass through a Fourier

transform lens, and are brought to a focus on a linear array detector. Each set of beam pairs produces an interference fringe

pattern on the detector, and the location of the minimum in each fringe pattern is a direct measure of the local slope of

the surface. Rather, each beam pair in each arm produces its own separate interference pattern on the detector, each being

equivalent to Young's fringes from two apertures of 1 mm diameter with a spacing of 1 mm between centers.

As the optical head of the LTP II is driven along the translation stage, the major source of measurement error is

caused by pitch angle error along the direction of travel. (See Fig. 2.) The magnitude of the carriage pitch error can be on

the order of tens of micro radians. Changes in temperature and temperature gradients in the optical and mechanical

components are another source of error. The reference arm was mainly designed to correct for the pitch error, since the

magnitude of the pitch error is usually much greater than the thermal drift error. Unfortunately, as reported after

researches,^' '»*2 correcting both errors at once in the standard LTP is not possible. In order to correct for pitch error, the

test and reference arm signals need to be added, while for thermal error correction, the two signals need to be subtracted.

So the reference arm of standard LTP II is only able to reduce the larger pitch error by "adding" files, at the expense of

doubling the thermal error. This is a significant limitation in achieving high accuracy with the LTP.

3. Pitch error reduction: Dove prism LTP II and penta-prism LTP (ppLTP)

Several methods have been developed to deal with the problem of pitch error correction. By adding an extra

beamsplitter into the reference beam, Irick has been able to correct for both the pitch and thermal drift terms



simultaneously, but at the expense of adding a third interference pattern to the detector and a third equation to manipulate

for a solution.4 Now we will explain two other methods: the Dove prism solution for LTPII and the penta-prism LTP

solution.

Dove prism method — The sign of the pitch error term can be changed by inserting a Dove prism into the reference

arm on the LTP n optical head. This enables simultaneous correction of thermal and mechanical errors by a simple

subtraction of the test and reference signals^. The operation of the Dove prism is indicated in Fig. 3. By tracing the

paths of the reference beam through the system, we can see that the pitch error beams in both the test and reference arms

now move in the same direction, while the thermal drift error movement is unchanged. Subtraction of the test and

reference signals cancels both errors completely.

Penta prism method - The pitch error term can be excluded completely by use of a scanning penta-prism and

stationary optical head. This is called as penta-prism LTP (ppLTP)7 The penta-prism is driven by a translation stage

containing mechanical pitch errors. However, according to the principles of geometric optics, if a beam is reflected by

two adjacent surfaces, the angle between the incident and the output beams is always equal to twice the angle between

two reflecting surfaces. Because the penta-prism possesses two reflecting surfaces, and the beam incident direction is fixed

by the stationary optical head, the output beam direction reflected by a penta-prism does not deviate from 90 even when

the penta-prism is pitched by the stage error. The result is no angular error introduced into the test beam signal even if

the mechanical stage is of poor quality. Of course, due to the fixed optical head and fixed reference mirror, no pitch error

will be present in the reference file. So with this scanning penta prism configuration, we need not make any corrections

for mechanical pitch error. In the ppLTP the reference signal is used to correct only for the thermal drift errors.

The Dove prism LTP II and ppLTP use different methods to deal with the pitch error. The first solution is to

change the sign of me pitch error by the use of the Dove prism which can be removed by subtraction. The ppLTP,

however, eliminates the pitch error completely from the test and reference beams by the inherent nature of the penta-

prism configuration. Both solutions improve the repeatability of the LTP significantly. However, there are different

advantages and disadvantages depending on the applications, which we will not be discussed here.

Fig. 4 shows ten scans made on a 500 mm long, nominally flat, test mirror overlaid on each other to illustrate the

repeatability in the measurements with the Dove prism LTP II. Subtracting the average from each, we can overlay the

residuals and view the slope error noise in each scan in Fig. 5. The 1 a noise in a single scan is 0.93 jirad RMS, while



for the average of the ten the noise is less by a factor of V l O , which gives the standard deviation in the mean as 0.3

prad RMS for this data set.. The corresponding height error bars for the residuals in Fig. 6 are 42 nm RMS for a single

scan and 13.3 nm RMS for the average. According to these tests the arithmetic mean of the radius is 5111 meters and the

arithmetic mean of the radius error is 72 meters. The 1.4% relative error is a quite good repeatability result for an almost

plane mirror. The comparison of residual slope errors between forward scans and backwards scans shown in Fig. 7, where

the mechanically-induced error signals are vastly different in each, indicates the two slope profiles are nearly coincident.

The standard deviation of the difference is 0.51 prad RMS. All these precise repeatability test results verify that the Dove

prism improves the LTPII performance significantly.

Test results for the ppLTP configuration are shown in Fig. 8. Curve (a) is with the penta-prism driven by a

mechanical slide with a 25 |xrad pitch error, and curve (b) is the same mirror tested by with a penta-prism driven by a

much more precise air bearing slide. Though the two slide accuracies are very different, die difference in the test results is

only on the order of 10 nm (maximum). By eliminating pitch error in this way, the ppLTP operating routinely at

ELETTRA is extremely stable and capable of great accuracy. Based on the success of the ppLTP method, two versions of

the LTP are being developed for different applications: the ISLTP and the VSLTP.

4. In-situ LTP (ISLTP) for SR and high power laser and FEL optics

In order to test mirror distortion under high heat load from third-generation synchrotron light sources and to compare

finite element calculation value with practical distortion, an in-situ LTP (ISLTP) was developed at ELETTRA, and the

first distortion test was done precisely and successfully in 1995 . A maximum distortion of 0.47 nm over a length of 180

mm was measured for an internally water-cooled mirror on an undulator beam line at ELETTRA while it was exposed to

a total emitted power of 600 watts. This first successfully tested in-situ distortion profile points out its importance. The

experiment has an accuracy and repeatability of 0.04 u, m.

There are two alternative configurations for in-situ ppLTP distortion tests on SR beam lines. The LTP optical head

is always operated outside the vacuum chamber. The sampling and the reference pencil beams need to pass from the

laboratory environment into the (normally ultra-high) vacuum chamber. Depending on the specific problems and the

mirror conditions, two configurations are possible for scanning the penta-prism over the mirror surface, as illustrated in

Figure 9.

(a). The penta-prism is scanned inside the vacuum chamber (Fig. 9b). This choice needs only a relatively small



window to pass both the test and reference beams through the wall of the vacuum chamber. However, it does

require costly ultra-high vacuum compatible linear translation stage components and requires that the translation

mechanism leaves no contamination on the mirror surface. In the case of a long mirror, mis solution may be

favorable even though it will require significant design work to implement. This solution is being pursued for

mirror tests at the APS.1^

(b) The penta-prism and translation stage are mounted outside the vacuum chamber (Fig. 9a). In this case the

sampling beam must pass through a large vacuum-isolation window which usually limits the length of the scan

to be less man the length of the mirror. Reference reflection and adjustment units are also located outside the

window. In this case the entire profiler is operated under atmospheric pressure with the convenience of not

having to deal with UHV components. This concept is preferable for shorter mirrors and was used for the first

in-situ distortion profile tests at ELETTRA.

Figure 10 presents surface distortion profiles that were measured using method (b) on a cooled mirror of length of

180 mm with a scan step distance of 1 mm and with different undulator gaps (30,40, and 60 mm) with correspondingly

decreasing heat loads (600W, 360W, and 150W total power). The plane mirror can be seen to develop an increasing

convexity with increasing incident power loading. The profile differences between two profiles tested at different times for

the unexposed mirror (one example is shown as curve d) illustrates the repeatability of surface distortion profile

measurements with the ISLTP. It is always better than 0.04 ujm (maximum error) in surface height, even for two

measurements made at different times during the day.

In the worst case, at 600 watts incident power, the experiment presents a surface distortion of 0.47 pm amplitude

for a trace length of 180 mm. An extrapolation of the spherical shape for the entire the mirror length of 250 mm would

yield a distortion of 0.9 ym amplitude. Compared to the mirror specification of a flatness of 7J10 over the whole length,

the distorted value is 14 times larger than the specified one. The slope profiles for the distortion test are presented in Fig.

11 for the 600W and 360W measurements. A maximum slope variation of 27 prad is found. All of these experimental

results verify the necessity of the in-situ test for high heat load mirrors in addition to the measurement in the metrology

laboratory.

Other important applications ideally suited for the ISLTP method include the following:

a) SR optics in-situ distortion measurement under high heat load.
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b) High power laser and FEL distortion test and figure control under very high heat load.

c) Adaptive optics or bending mirror monitor^.

d) Comparing observed heat load distortion values with finite element analysis results.

5. Vertical scan LTP (VSLTP) : for x-ray telescope optics

Based on the requirements of a NASA SBIR and utilizing the ppLTP principle described previously 16,17j a vertical

scanning Long Trace Profiler (VSLTP) is under development. The instrument is capable of scanning shell mirrors with a

diameter as small as 100 mm with a travel distance of 700 mm in vertical configuration.

The X-ray telescope mirrors to be tested by the VSLTP are a series of nested shells, each of them in the shape of a

pair of paraboloids and hyperboloids with long axial radii of curvature (typically hundreds of meters) and short sagittal

radii (from 10 to 100 cm) They are nearly impossible to test by conventional interferometric techniques. In addition, the

thin shells are very susceptible to self-weight deflection caused by gravity and should be tested in a vertical configuration.

The VSLTP must test figures of paraboloids and hyperboloids in the vertical axial direction and must also test the

roundness in each horizontal section. This requires two orthogonal scan directions, one purely translational, the other

purely rotational. According to the principle of the LTP^lS.lStne two probe beam spots must be aligned in the

scanning direction, so a Dove prism, positioned by rotating around its optical axis by 45 degrees resulting in the 90°

rotation of the beam spots, should be inserted into the test arm when scanning in the rotation direction.

Fig. 12 shows a sketch of the major parts of the VSLTP prototype instrument including: optical head and its

support pillar, horizontal ball bearing slide with a travel distance of 900 mm, vertical ball bearing slide with a travel

distance of 750 mm which is mounted on the horizontal slide, an air bearing rotary table, capable of rotating 360 degrees,

with a tilt/centering table above the rotary table used for the alignment of the mirrors under test. The dimensions of the

instrument are about 2.5m x 2.5m x lm.

In order to operate the VSLTP automatically for reducing measurement error, there are computer controlled

motorized motions for 9 axes: three servo motors for vertical, horizontal, and rotary motions, four micro servo motors

for polarizer, Porro prism, half wave plate, and beam steering device, and two micro stepper motors for Dove prism and

cylindrical lens.

Test results from the prototype VSLTP on a NASA-supplied Wolter I telescope mandrel are shown in Rg.13. An

observed 3-D deviation from the ideal paraboloidal surface indicates that the VSLTP is capable of contributing to the



improvement t of X-ray telescope manufacturing technology. Tlie date for completion of the Phase IISBIR research is

scheduled to the end of February of 1998.

6. Summary
i

Hie LTP has been under development and in operation for the past 11 years. The LTPII is now the routine test

instrument for most SR laboratories and for some SR mirror manufacturers. With recent significant improvements, the

LIP'S repeatability and accuracy has been increased by an order of magnitude, with slope error bars now of 0.3 prad RMS

and height error bars in the 10 to 20 nm range for an average of ten 500 mm long scans. Several special versions of LTP

have be developed recently, including the in-situ LTP and the VSLTP. The LTP has the potential for wider applications

in die fields of high power laser optics, FEL optics, adaptive optics, and X-ray or large aperture telescope optics,

wherever large aspheric mirrors are used.

This work was supported in part by NASA Marshall Space Flight Center under SBIR contract number NAS8-

40642 and by the U.S. Department of Energy: Contract No. DE-AC02-76CH00016 and by SINCROTRONE TRIESTE

of Italy.
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Fig. 1 - Schematic diagram of the standard LTPII optical system. The first beam splitter, BS1, and

the right-angle prisms separate the laser beam into two collinear beams. The polarizing beam

splitter, PBS, separates them further into two pairs of beams, which are directed to a test surface

and a reference surface. The return beams each form a separate interference pattern on the detector.
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REFERENCE
MIRROR

TEST SURFACE

Fig. 2 - Pitch angle error arising from mechanical motion along the translation stage produces equal

and opposite angular deviation of the test and reference beams. The error magnitude is on the order

of ten's of microradians. This error can be corrected by adding the two signals.
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REF
MIRROR

Fig. 3 — Adding a Dove prism to the system inverts the sign of the mechanical error in the reference

beam. Error correction requires the two signals be subtracted. This correction is the same as that

required for thermal drift errors. Both errors can now be corrected in one operation.
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Fig. 4 - Repeatability of ten slope scans made on a 500 mm long mirror with a 5 km radius of

curvature. Only the mean has been removed from each.
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Residual detrend 0 slopes

Fig. 5 - Residual slope data resulting from subtraction of the average surface slope profile from each

profile in Fig. 4. Result is a measure of the noise and drift in the system. One standard deviation is

0.934 jirad for this data set. The standard deviation-in-the-mean is 0.295 jirad.
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Fig. 6 - Residual height profiles computed from each scan in Fig. 5. Each contains a remnant of tilt

and curvature. The average standard deviation is 42.0 nm and the standard deviation-in-the-mean is

13.3 nm for this data set.
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Fig. 7 - Comparison of forward and reverse scans. Hie reference correction for each scan is very

different because the mechanical forces on the optical head are very different in the two scan

directions. However, the residual slope profiles of the forward and reverse average scans are

nearly identical. The difference between the two is shown as the horizontal line about the zero

level. The RMS of the difference is 0.51 urad.
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Fig. 8 — Measurements made with the ppLTP with the penta prism mounted on two slides of very

different quality: (a) penta prism on a mechanical slide; (b) penta prism on an air bearing slide.

Large pitch angle errors in the mechanical slide do not affect the accuracy of the measurement.
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Fig. 9 - Two alternatives for the in-situ LTP distortion profile test by use of a penta-prism LTP:

[a] - Penta-prism scans outside the vacuum chamber with the beams through a large window.

[b] ~ Penta-prism scans inside the vacuum chamber with the beams through a small window.

The reference beam remains stationary in each configuration, reflecting from a fixed point on

the surface.
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Fig. 10 - ppLTP in situ measurements of height distortion profiles made on a SR mirror under high

heat load in an undulator beam line at ELETTRA. Results are single scans with the reference signal

subtracted.

(a) Total incident power = 600 W, gap = 30 mm, current = 181 mA.

(b) Total incident power - 360 W, gap = 40 mm, current = 187 mA.

(c) Total incident power = 150 W, gap = 60 mm, current = 224 mA.

(d) SR beam turned off. This is a measure of the noise and drift in the ppLTP (< 0.04 \im P-V)
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Fig. 11 — In situ distortion slope profile on a SR mirror subjected to heat loads of various amounts

from an undulator source.

(a) Slope variation of about 27 prad while exposed to a total power level of 600 W.

(b) Slope variation of about 18 prad while exposed to a total power level of 360 W.

(c) Slope difference between two measurements with the SR beam turned off.
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7 6

2500 mm

Fig. 12 - Major components of the Vertical Scan LTP (VSLTP): 1. Optical head; 2. Support pier; 3.

Beam director; 4. Vertical slide; 5. Horizontal slide; 6. Frame; 7. Kinematic mounts; 8. Legs; 9.

Nested shell mirrors under test; 10. Rotary table; 11. Optical bench.
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Fig. 13 - Residual surface error on a Wolter telescope mandrel hyperboloid made with the prototype

VSLTP. A series of vertical scans is connected at the top and bottom by two aziarothal scans. The

underlying hyperboloid has been subtracted from the data. Maximum surface error is 0.32 pm PV.
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