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ABSTRACT
To ensure the high performance of beamlines in Taiwan Photon Source, the metrology of the beamline optical components is
essential to realize the theoretical optical simulation. The design and performance of a long-trace profiler (LTP) with moving opti-
cal head is described. A LTP is used as a metrological tool for the assembly and correction of optical components at the beamline.
For a water-cooled mirror, a LTP serves to optimize the surface profile to a slope error of 0.1 µrad (rms) and adequate thermal
conductance. To correct a bendable cooling mirror in a twisted condition, the sagittal slope is decreased by a screw adjustment
through the LTP measurement. For the double-crystal monochromator (DCM) with flow-induced vibrations, we proposed an
approach to stiffen the bellows hose partially inside the vacuum chamber. From an investigation of the vibrational spectra of the
DCM before and after the treatment with the aid of the autocollimator, the current approach is confirmed to be an effective
solution for suppression of vibration.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5054705

I. INTRODUCTION
Taiwan Photon Source (TPS) is a 3-GeV electron-storage

ring; its commission began in 2014, and it is designed to offer a
beam of low emittance and great brilliance. The phase-I beam-
lines began to serve users from 2016. In our phase I, there
are beamlines for nano-focusing, nano-diffraction, ultrahigh-
resolution soft X-rays, coherent scattering etc. The optical
components are at the level of ultrahigh precision, such as
a slope error of 0.1 µrad (rms). In the construction of these
beamlines, the inspection of the mirror arrival, mirror instal-
lation, and measurement in situ after installation are all impor-
tant to ensure the performance of the beamline. For the mirror
measurement, it is advisable to measure the entire mirror sys-
tem, including the mirror holder or mirror bender and the
coolant flow. The total performance of the mirror system is
reflected in the performance of the beamline. According to
a theoretical estimate, all external perturbations (such as the
thermal input of the beam, the vibration from the ground, and
the coolant flow) deteriorate the performance of a beamline.
A long-trace profiler (LTP) is a major tool for the inspec-
tion of mirrors in a laboratory; it can also help to monitor
the installation of a bendable mirror and a mechanism of

mirror mounting. For the vibration of a mirror, there are many
sources such as ambience, a mechanical supporting struc-
ture, and flow-induced vibration. The measurement and sup-
pression of only flow-induced vibration are here discussed.
We use an autocollimator to measure the vibration of a mir-
ror or a double-crystal monochromator (DCM) relative to the
chamber. The details and application of a portable LTP and a
bendable grating will be published in another paper. In this
paper, we first introduce the performance of our in-house
LTP and then include some metrology of mirror mounting and
measurements of vibration at a beamline.

II. LTP UPGRADE
We upgraded the LTP optical head from a moving pen-

taprism or pentamirror with fixed optical head to a moving
optical head.1 Figure 1 shows the layout of this moving opti-
cal head. To decrease the systematic error from the optical
components and the detector,2,3 each component must have
high precision. Most sources of random error such as air tur-
bulence and vibration during measurement are controlled to
the lowest level and data average treatment. The polariza-
tion beam splitter (PBS) and focusing lens were designed by
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FIG. 1. Optical layout of the moving optical head; optical
components are listed as follows: 1 = diode laser, 2 and
3 = wave-front–splitting phase-shift beam splitters, 4 = rotat-
ing half-wave plate, 5 = polarizing beam splitter, 6 and
7 = quarter-wave plates, 8 = stationary reference mirror
(λ/150 rms), 9 = Fourier-transform lens, 10 and 11 = fold-
ing mirrors (λ/150 rms), 12 = 2D detector, 13 = flat mirror
(angle 45◦), 14 = motor, and 15 = acrylic pipes.

Dr. Peter Takacs (BNL) and manufactured as a special order.
The reflection mirror has flatness λ/150. Wave-front–splitting
phase-shift plates follow the design of Qian.4 The CCD is a
2D camera (5.0-Megapixel, Prosilica GC2450), with a pixel size
of 3.45 µm which is the same as our previous work.5 This
monochrome camera is type 2/3 (11.016 mm diagonal) with-
out an optical filter; its frame rate with full resolution is 15
frames per second; greater frame rates are possible with a
smaller region of interest. In general, the measurement beam
is pointed downward to the inspecting mirror; the reference
beam is pointed directed to the right and horizontal of the
reference mirror. In the measurement of a horizontal mount-
ing mirror, a flat mirror, as in Fig. 1 (component 13), bends
the beam in the horizontal direction. For the mirror facing
downward, we must install another bending mirror to bend
the beam upwards. The mirror system should be installed
in a stable support and face downward. Two wave-front–
splitting phase-shift beam splitters installed in perpendicular
directions offer an interference pattern as shown in Fig. 2(a).
Figure 2(b) presents raw data from the CCD, which we con-
verted to Fig. 2(c) by intensity inversion. Figure 2(d) is a

3D profile of Fig. 2(c). To obtain a signal from Fig. 2(d), we
use Eq. (1) (the center-of-intensity method); the center-point
position of a signal can be found with sub-pixel precision.
The measured slope is calculated based on the amount of
movement of the center-point position of the signal,

xc =

∑∑
xi · P

(
xi, yj

)
∑∑

P
(
xi, yj

) , yc =

∑∑
yj · P

(
xi, yj

)
∑∑

P
(
xi, yj

) (1)

in which xi and yi are the pixel’s coordinates and P(xi, yi) is the
intensity; xc and yc indicate the center of the intensity image.
A 2D detector allows simultaneous measurement of the slope
angle in two perpendicular directions, which is important for
accurate metrology of twisted optics. In the assembly of an
optical head, the CCD should be located at the focal point
of the focusing lens (Fourier transform lens) to decrease the
systematic error.3 According to the above scheme, we use a
sliding stage to move the beam across the aperture of the lens
at the same incident angle to confirm that the focal spot is
in an optimum condition. In the correct position, the focal
beam spot does not move on the CCD for varied parallel beams

FIG. 2. (a) is an interference pattern; (b)
shows the raw data from CCD; (c) shows
an intensity inversion of (b); (d) shows a
3D profile of (c).
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across the lens. The beam direction to the reference mirror
should also be parallel to the moving direction of the air bear-
ing to decrease the error of calibration. For calibration of the
angle, we set a constant distance between the optical head and
the test mirror. An autocollimator (Elcomatt 3000) is adopted
as a reference for the LTP calibration; this instrument has an
accuracy of 0.5 µrad over the total range according to the
calibration data sheet. In this work, the autocollimator was
installed on a granite stand; two flat mirrors (λ/100) were set
up on the same motorized tilting stage, one for the autocolli-
mator and the other for the LTP. On adjusting the tilting stage,
we obtained both readings from the LTP and the autocollima-
tor. With this setup, we can know the systematic error of the
angle calibration of the system. The mirror under test is about
5 cm from the lower edge of the optical head. As shown in
Fig. 3, the difference between the LTP and the autocollima-
tor is about 0.4 µrad (rms). We take three times average of
the data. The standard deviation is of order 0.05 µrad (rms).
These data serve as a compensation curve for the following
measurement.

To understand the error during the scanning of the opti-
cal head, we mounted a flat mirror on the housing of the
optical head and measured with the autocollimator. Another
measurement is the reference mirror fixed on the granite table
measured with the optical head. To minimize the error, we
must align the beam axis of the autocollimator, air bearing,
and optical head in parallel. After final alignment, the slope
difference between the autocollimator and the LTP reference
beam is 0.20 µrad (rms) from a three-times average when
the optical head moves 1 m, as shown in Fig. 4. The parasitic
effects of the carriage wobbling and wiggling are minimized
with the move-stop-wait-move mode of measurement, based
on Labviewtr motion control. During the scanning measure-
ment, the optical head moves 1 mm s−1, at each 1-mm incre-
ment stops 0.5 s for the feedback, waits 0.5 s for the carriage

FIG. 3. Angle calibration of a LTP with an autocollimator. The slope difference
between the LTP and the autocollimator (Elcomat) is compared in the range
0–8 mrad.

FIG. 4. Pitch variation of the optical head moving along an air-bearing rail for 1 m,
measured with the autocollimator and the LTP reference mirror simultaneously.
The difference of the measurements is shown as the right axis. A flat mirror is
attached to the optical head for the reflection of the autocollimator.

to be stable, and eventually takes an image, 0.6 s. The sam-
ple rate is 32 Hz; we generally average 20 data to decrease
the random noise. The interval is 2.6 s for one position mea-
surement, which seems an acceptable time for a precision
measurement. The encoder (resolution 0.5 µm) decreases the
error of the position in the curved-mirror measurement. In
the closed-loop control of the motor, the position accuracy
is 0.5 µm p-p, which benefits the position repeatability for
the measurement of a strongly curved mirror. In a simple
estimate for the mirror of radius 10 m, a slope variation of
0.05 µrad (rms) might arise from the 0.5-µm position error.
A controlled environment of a LTP is essential for its pre-
cise measurements, including the air temperature, air turbu-
lence, and vibration. The temperature in the metrology room
is controlled within 0.1 ◦C over several days. To increase the
stability of the temperature, a granite table is isolated with
Polyvinyl Chloride (PVC) shielding. The temperature within the
LTP measurement cabin attains 0.01 ◦C (rms) over 24 h, as
described in the previous paper.6 To decrease the air turbu-
lence, an extensible acrylic pipe (length about 30 cm) is used
to shield the optical path; the air velocity within the pipe is
about 1.8 cm/s. The power dissipation of the motor is designed
to be far from the optical head; the heat dissipation of the
CCD is from the top venting hole of the housing. Both have
no additional cooling, which might require upgrading in the
future.

III. LTP PERFORMANCE
Slope measurement of the LTP versus time is plotted in

Fig. 5. A flat mirror faces upwards and is fixed on the sup-
port; the optical head is not moving and an air bearing floats
on the ceramic rail. We can see that, as the average number
increases, the measurement slope value decreases from 0.055
to 0.015 µrad (rms) for average numbers from 1 to 20. We take
20 times to average to filter the random noise. We obtain a
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FIG. 5. Slope average versus time at a fixed point. As the average number
increases, the slope is decreased from 0.055 to 0.015 µrad (rms) for an average
number from 1 to 20.

short term stability of 0.015 µrad (rms); its value peak to peak
is 0.05 µrad. The repeatability of a scanning measurement is
the summed result of the scanning effect and the fixed-point
stability. Figure 6 shows the slope difference of each scan rel-
ative to the mean slope of an elliptical mirror (length 500 mm,
radius 954 m) in ten scans. From the standard deviation of the
data in Fig. 6, the repeatability of the measurement is about
50 nrad (rms). In the left part of the figure we can see that the
slope difference from the mean is greater than the other part,
which might be related to the acrylic extensible acrylic pipe
(length only 40 cm) being not long enough to shield the mir-
ror length (500 mm). The acrylic extensible acrylic pipe serves

FIG. 6. The repeatability of the elliptical mirror (radius 954 m, length 500 mm) from
ten times measurements is 50 nrad (rms). Lines of varied color represent different
scans.

FIG. 7. The slope error of an elliptical mirror (radius 954 m, length 500 mm) is
0.07 µrad (rms).

to shield the optical path from air convection, as described
in Sec. II. In the same measurement procedure, the repeata-
bility of a flat mirror measurement (length 200 mm) is about
15.3 nrad (rms); another mirror measurement (length 200 mm,
radius 41 m) has a repeatability of 15.6 nrad (rms) as specified in
a previous report.6 It seems that for a greater length of mirror,
the repeatability becomes worse. The right part of the mirror
of length 500 mm is in the range of the shield, but the repeata-
bility is worse than for the mirror of length 200 mm. It seems
that time is required to have air convection decreased to min-
imum. Figure 7 shows the same 500-mm-long elliptical mirror
measured with a LTP; the slope error is 0.07 µrad rms. The
slope error of the vendor’s (JTEC) measurement with a ZYGO
stitching interferometer is 0.083 µrad (rms).

FIG. 8. A downward-facing mirror with side cooling (1 = mirror, 2 = indium foil
(0.3 mm thick), 3 = pure copper water-cooled plate, 4 = steel plate, and
5 = M8 tightening screws); four bolts are tightened from one side to ensure thermal
conductance 4cs.
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FIG. 9. Application of varied torque to the tightening screw to observe a variation
of the slope error.

IV. MIRROR INSTALLATION
Figure 8 shows a precision side-cooled mirror with slope

error required at the level of 0.1 µrad (rms); a silicon mir-
ror body is cooled with two side-cooled copper blocks. The
mirror body is clamped with a vertical spring plate from the
top and two copper cooling blocks from the sides. An indium
foil (0.3 mm thick) is inserted between the copper blocks and
the mirror. To satisfy the cooling requirement of the thermal
input (30 W), the thermal conductance should be adequate on
applying a tightening force between the cooling block and the
mirror. A LTP measured the slope error of the mirror as a vari-
ation of the tightening force. In Fig. 9, we can see that a larger
torque produces a larger slope error. At a tightening torque
of 4 kg-cm, the slope error is 0.11 µrad (rms). From exper-
imental data of the thermal conductivity at the interface of
the cooling blocks versus tightening pressure,6 our tightening
torque (tightening pressure about 3.5 bars) provides adequate
thermal conductivity of the mirror.

V. ADJUSTMENT OF THE MIRROR TWIST
Figure 10 shows a horizontally focusing bendable copper

mirror (length 450 mm, mass about 15 kg) with internal cool-
ing. Its mounting scheme is a typical cone-flat-groove type;
it is fixed on the bottom plate of the chamber. To improve
the slope profile of this conventional bending mechanism, only
the central aperture of 100 mm clear is used. Another spring
support and adjustment mechanism is designed. In the LTP
measurement along the tangential direction, at the initial
installation, we found a twist of the mirror in the sagittal direc-
tion. We attributed the uncorrected sagittal slope variation to
the asymmetric stress of the substrate due to the tolerances
of the mirror assembly. The twist that we measured is the
area perpendicular to the line scan in the tangential direction,
about 1 mm. After several measurement-correction iterations,
the sagittal slope variation was minimized on manually tuning
the twist adjustment screw. Figure 11 shows the slope error of
the twist before and after the correction. The twist before the
correction was about 33 µrad peak to valley and was decreased
to 8 µrad variation after a refined adjustment. There were
larger twists in both ends of the mirror after the correction.
We guess that the adjustment screw is near the one end of
the mirror; the forces are applied only at the four corners of
the mirror. There is insufficient force to balance the entire ini-
tial residual stress from the fabrication or assembly tolerance.
The simulation of this beamline indicates a flux loss from 30%
to 5% at the position of the exit slit after the correction.

In another application, the LTP was used to adjust an opti-
cal surface bender with 25 actuators. A parameter table of
actuators was measured offline as a guide to adjust a precision
polynomial surface profile. In this case, a quick fly scan saved
measurement time with reasonable precision. In the beamline
operation, a portable LTP (based on the same optical head)
in situ assists fine tuning of the profile of the active grating
monochromator with the bender; an energy resolving power
28 000 full-width-half-maximum (FWHM) at 850 eV photon
energy was measured at TPS 45A. Detailed reports about a
portable LTP in situ and an optical surface bender with 25
actuators will be published soon.

FIG. 10. A bendable horizontally focusing mirror with four
points symmetrically fixed to the chamber base. Three point
supports are of the cone-flat- groove type; another point is
a spring and adjustment.
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FIG. 11. Mirror twist correction with a LTP; the sagittal slope profiles of the mirror
were measured before and after adjustment.

VI. MEASUREMENT AND SUPPRESSION
OF VIBRATION OF OPTICAL COMPONENTS

The vibration of a mirror or double-crystal monochroma-
tor (DCM) in a beamline affects not only the image size but also
the image position along the optical axis,7,8 which becomes a
critical issue for the performance of beamlines with a small
focused beam.8 One source of vibration is flow-induced vibra-
tion caused by water or liquid nitrogen flowing in optical
components.9,10 To suppress the vibrations of optical com-
ponents, one can either decrease the vibration at the source
or design a stable optical mounting support. Some schemes
were proposed10,11 to suppress the flow-induced vibration of

a DCM from flowing liquid nitrogen. Researchers at Spring-8
have installed a metal bellows hose with a smooth inner tube,
which can effectively diminish the flow-induced vibration in
their DCM10 and which has become commercially available
because a smooth inner tube seems to diminish effectively the
degree of turbulence compared with the original corrugated
inner surface.11 As a fluid flows in the pipe, a flow pressure
applies on the pipe wall. The flow pressure in the bellows hose
becomes an excitation source that might cause a resonance
of the bellows hose and propagate to the entire system and
to other subsystems. The resulting vibration is related to the
interaction of the force and the bellows rigidity. The force
depends on the flow-induced mechanism of various kinds.12
Because the corrugated bellows is designed to be flexible to
meet the motion of a crystal in the monochromator or the
bending motion of a bendable mirror, the rigidity of a bel-
lows hose is not optimum. We hence proposed an approach to
strengthen partially the stiffness of the bellows and to retain
its flexibility by adding metal clips to the bellows hose.13

Before we measured the vibration of a mirror or DCM in
the beamline, we implemented a test bench for flow-induced
vibration in the laboratory to measure the vibration of a
dummy mirror with various schemes. In a preliminary test, we
compared the flow-induced vibration between stainless-steel
tubes and bellows hose. Both the hard tube and the bellows
hose used had a length about 60 cm and an inside diam-
eter of 12 mm with both ends supported and a water flow
rate of 1.5 l min−1. A laser distance sensor (M7L, manufac-
turer MEL Mikroelektronik GmbH) was used to measure the
vibration. We found that a vibration spectrum of the bellows
hose has a clear maximum about 9 Hz and a stainless-steel
tube has a maximum about 21 Hz; the vibrational amplitude
of the stainless-steel tube is about one hundredth that of the
bellows hose. According to the above concept, we applied a
partial stiffening method on a horizontal dummy mirror that

FIG. 12. Vibration tests of a copper dummy mirror with varied treatments of bellows hose: (a) time domain and (b) frequency domain. The maximum at 7 Hz before treatment
is shifted to a greater frequency with the decreased amplitude after treatment. The data were measured in air with a flow rate of 3.6 l min−1; the background represents the
base vibrations for the mirror without a connection to the bellows hose.
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FIG. 13. Experimental setup for tests of vibration of the DCM
through measuring vibrations of a reflecting mirror near the
first crystal with an autocollimator through the window in the
cryo-vacuum state.

was mounted on a common three-point support with two
bellows hoses (60 cm) upstream and downstream of the mir-
ror for the water inlet and outlet, respectively. The flow rate
for this experiment was 6.7 l min−1. An autocollimator (AC,
Newport, sampling rate 110 Hz and resolution ∼0.1 µrad) was
used to measure the vibration of the mirror, which was rigidly
mounted on an optical table, while a reflection mirror adhered
to the mirror surface. The angular variation was recorded for
30 s; the corresponding spectrum was obtained with a fast
Fourier transform.

The experimental results including the time and fre-
quency domains are shown in Figs. 12(a) and 12(b). It is noted
that, on adding metal clips to the bellows hose, the vibrational
amplitude is evidently diminished and a major peak excited
by the water flow at ∼7 Hz is shifted to a slightly greater
frequency, as shown in Fig. 12(b).

These results indicate that by partially stiffening the bel-
lows hose, the vibrational amplitude can be diminished and
accompanied with a frequency increase of a major maximum.
We therefore performed a further similar test in the DCM
with the same approach to stiffen the bellows hose and to
retain the flexibility of the bellows to allow the crystal to move
properly. There are two crystals, seven-axis motors or fine
stages, and four segments of bellows hose in the tested DCM
(Taiwan Photon Source, beamline 07A). Liquid nitrogen was
pumped from a commercial cryo-system to the bellows inside
the chamber and returned to provide effective cooling of the
crystal. Figure 13 shows a measurement of the crystal vibra-
tion in the DCM. An AC is rigidly mounted on the chamber
flange.

The crystal was side-cooled with two copper blocks and
flowing liquid nitrogen. The reflection mirror of the AC was

FIG. 14. Effect of treatment in the vibration of a reflection mirror near the first crystal in the DCM: (a) time domain; before treatment the integrated amplitude is 0.601
± 0.052 µrad (rms), and after treatment, 0.236 ± 0.035 µrad (rms) (b) frequency domain. No clear eigenfrequency appears. The background was without flowing liquid
nitrogen; before and after treatment the flow of liquid nitrogen was 3.6 l min−1.
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mounted on the stainless-steel rigid pipe of the cooling blocks
at a distance about 3 cm from the first crystal. During the test,
the rate of flow of liquid nitrogen at 3.6 l min−1 was adjusted to
the normal operating mode with the pump controller. In the
treatment, we placed some metal clips on three segments of
the bellows to decrease the flow “swing” of the bellows and
to enhance the stiffness of the bellows. To maintain the data
in a stationary state, the duration of data sampling time was
30 s. Figures 14(a) and 14(b) shows the time and frequency
domains of the vibration test. To ensure the mounting sta-
bility of the AC and the reflecting mirror, we included also
the background vibration measured under quiet conditions—
without flowing liquid nitrogen. In the time domain, we see
that random vibrational peaks were generated by the flow-
ing liquid nitrogen but diminished with our partial stiffen-
ing treatment. There was, however, no clear eigenfrequency
maximum as in the previous mirror case in the frequency
domain except a peak below 1 Hz, which appeared only as
the flow began and which seemed to arise from the “soft-
ness” property of the coolant. Further investigation is required
to decrease the effect of flow-induced vibration for each
component. To quantify the angular vibrations in Fig. 14(b),
we further calculated the data within 0-55 Hz to obtain the
corresponding integrated angular vibrations with three indi-
vidual measurements. The values of average and standard
deviation are 0.601 ± 0.052 µrad and 0.236 ± 0.035 µrad,
respectively, for the untreated and treated bellows hose in
the DCM. These results indicate that the current proposed
approach is effective to diminish the crystal vibration by 60%,
which shows a new and convenient route to decrease the
vibration of the DCM or mirror without modifying the main
components.

VII. SUMMARY
In this paper we show the design and the performance

of an upgraded LTP with a moving optical head to replace
a previous pentamirror type. The scan repeatability of the
slope error of a nearly flat mirror measurement (radius
954 m) of length 500 mm in ten times measurements is about

50 nrad rms. This value is greater than that of two short
mirrors of length 200 mm with repeatability of measure-
ments around 15 nrad rms. This effect might be attributed to
the short acrylic tube shielding the optical path for a longer
mirror, as described in the text above. In the application of
metrology to TPS optical components, we used a LTP to opti-
mize the surface profile of a water-cooled mirror to a slope
error of 0.1 µrad rms level on adjustment of the tightening
force of the cooling block. A twist of a bendable mirror was
corrected with the LTP and an iterative screw adjustment.
With regard to the vibration of optical components, we pro-
vide an example of the measurement of a DCM with an auto-
collimator. A scheme to suppress vibration induced by liquid
nitrogen coolant is demonstrated.
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