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Abstract

®

CrossMark

We present the realization and the characterization of a picometer reference actuator (PRA),
a metrological instrument based on a precision linear actuator capable of 100 pm range with
subnanometer accuracy, picometer resolution, and submicroradian tip-tilt pointing control.
The PRA relies on an integrated multiple reflections homodyne interferometer as a high
resolution and accurate internal reference, on a multiple reflection based angle sensor for the
control of the movement straightness, and on a versatile mirrors configuration to transfer the
metrological traceability to an external device. As an example case we report the use of the
PRA for the characterization of the non-linearities of the INRIM heterodyne interferometer

dedicated to the calibration of capacitive sensors.

Keywords: metrological actuator, high-resolution interferometry, homodyne interferometer,
optical path multiplier, optical non-linearity, metrological angle sensor devices

(Some figures may appear in colour only in the online journal)

Introduction

Dimensional measurements promote innovation and com-
petitiveness in manufacturing through measurement science,
services, and technical contributions to standards stimulating
the realization of high-precision measurement techniques at
the nanoscale. Dimensional measurements play a crucial role
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in almost every aspect of modern life, ranging over medical
devices [1], optical sensors [2], microelectromechanical sys-
tems [3-5], integrated circuit technology [6], ICT, and cut-
ting-edge nanotechnologies [7] where precise dimensions and
standardization are paramount in product specification and
quality certification. In particular, for dimensional metrology
in semiconductor manufacturing processes [8, 9], laser inter-
ferometers are the unsurpassed standard for both pattern
scaling on photomasks and for their alignment and precision
overlap on multi-layered wafers densely populated by tran-
sistors whose transversal dimension can already reach the
noticeable size of only 1 nm [10-12].

At present, many other nanofabrication sectors push to
the routinely large-scale realization of a complex collection

© 2018 BIPM & IOP Publishing Ltd  Printed in the UK
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of nanoscale devices. Their functional units are developed by
continuously refining processes either bottom up, atom by
atom, or top down like in single-atom layer chemical vapor
deposition [13-16]. With the nanofabrication techniques it is
possible to realize, for example, quantum plasmonic devices
and metamaterial [17], nanoplasmonic resonator [18-20], and
surface plasmon or single atom laser optoelectronic devices
[21]. Also 2D ICT, based on graphene and on other functional-
ized layers of chalcogenides hybrid metals, has demonstrated
new unique electronic behavior, with physical, chemical and
mechanical properties that rely on the specific bonding struc-
ture on the nanoscale. Either the devices realization or the
characterization instruments, such as most performing scan-
ning probe and electron beam microscopes (e.g. AFM-STM
Asylum Chyper [22], EBL Jeol JBX-9500FS [23], TEM
FEI Metrios [24]) as well as metrological positioning stages
[25] will benefit from an advanced metrological traceability.
Recently, in biology and proteomic a single DNA strand
with a base resolution [26] (single atom scale size), has been
observed, with the intent of identifying nucleotides and their
spatial conformation and to relate it to the specific functional
expression in wildlife.

All the scientific and technological efforts require world-
wide comparison and reproducibility, as well as the highest
accuracy to give a reliable comparison with theoretical
models, demanding the continuous development of novel
compact metrological systems (namely optical interferom-
eters) with non-linearities, noise, and stability at a nanometer
level [10, 11].

The present work has been carried out within the European
project NanoTrace [27, 28], a project aimed to achieve a 10
pm accuracy for displacement metrology. It focused on devel-
oping the next generation optical interferometers to meet
the developments in standards and regulatory frameworks,
the new technologies in scanning probe microscopy, and the
advances in coordinate metrology.

The fundamental limit of optical interferometers is the
periodical non-linearity, also referred to as cyclic error, it
arises from the non-ideal behavior of optical components.
The non-linearity and the methods to reduce the same have
been subject to constant investigation [29-38], nevertheless,
the accuracy of the better in the class of commercial instru-
ments typically limits to hundreds of picometers. For the
aforementioned critical uses the knowledge of such errors is
mandatory. To characterize a high-performance optical inter-
ferometer an actuator having negligible (or known) overall
errors must be used to displace the target mirror observed
by the interferometer itself. Within the project NanoTrace,
the ultimate performance of the interferometers [28] real-
ized by researchers of the participating National Metrology
Institutes (PTB, UME, INRIM, CMI and MIKES) have
been defined by comparison with the x-ray interferometer
(XRI) operating at the NPL laboratories [39, 40], which has
an intrinsic picometer level accuracy. Unfortunately, the
complexity of the XRI limits it usability opportunity, being
practically unmovable from the laboratory. The need of a
transportable actuator capable of picometer resolution and
non-linearity for the characterization of high performance
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interferometers has been the driver of the present work.
Furthermore, the candidate actuator must have extreme
pointing capability (very low angle errors) to prevent align-
ment errors in the interferometer measurement. Precision
actuators which have excellent resolution are commercially
available [41], nevertheless neither the accuracy nor the tip-
tilt errors are simultaneously good enough for the purpose.
Therefore, a novel picometer reference actuator (PRA), has
been designed, realized, characterized and tested.

In section 1 we describe the device detailing the func-
tional blocks and control architecture. In section 2 we discuss
the device tests and its performances. In the last section, we
present and discuss a practical application case, namely the
characterization of a heterodyne interferometer used for the
calibration of mechanical probes.

1. The Overall structure of the PRA

The schematic functional principle of the PRA is shown in
figure 1. The base is the mechanical reference of the device.
A piezo actuator displaces the moving mirror My with
respect to the fixed mirror M integrated into the base. The
user measures the differential displacement d. The same dis-
placement is observed by means of a reference laser interfer-
ometer integrated into the base, between the interferometer
mirrors Mj. The difference between the user measurement
and the reference interferometer measurement will give the
errors of the first within the uncertainty and the resolution of
the second.

Figure 2 is a sketch of the PRA with its main components
that will be described in detail throughout the text. The main
purpose of the actuator is to characterize laser interferome-
ters namely in resolution and cyclic non-linearities. For this
reason, the interface towards the user has been realized by a
pair of fixed mirrors symmetrically displaced aside a moving
mirror assembly so that a single beam or differential interfer-
ometers can be coupled indifferently.

The base structure, a 200 x 200 x 30mm block, and the
user mirrors are made of Clearceram®-Z, an ultra-low expan-
sion glass-ceramic manufactured by Ohara Inc. (Japan).
Characterized by a thermal expansion of 0.2 - 10~7 °C~!
it assures long-term stability of all the sensible parts even in
poorly thermalized environments. On the upper surface of the
base, the internal reference interferometer is built, specifi-
cally a multi-reflections interferometer (described in par. 1.3),
which measures the relative displacement between the fixed
mirrors and the moving mirror, displaced by an actuator inte-
grated in the base. The other optical elements are mounted on
compact commercial precision mounts (FineAdjustment mod.
Venus) fixed to the glass base using epoxy glue. The laser light
feeding the reference interferometer is brought to the bench
by means of an optical single mode polarization maintaining
fibre (par. 1.4).

A particular effort has been made in developing and inte-
grating into the base structure a simple and effective system to
compensate the angular displacement error of the long-range
translation stage (see par. 1.5).
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Figure 1. Schematic of the PRA working principle. The Clearceram®-Z base is the mechanical reference of the device. A piezo actuator
displaces the moving mirror My with respect to the fixed mirror My integrated in the base. The user measures the displacement d. The same
displacement is observed by a reference laser interferometer integrated into the base, between the interferometer mirrors M.
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Figure 2. Mechanical design of the PRA. We have indicated the main mechanical elements and the optical ray propagation paths, from the

optical fiber to the interferometer and tilt-control detector assemblies.

1.1. The mirrors assembly

The arrangement of the mirror structure is shown in figure 3.
Two parallelepipeds bonded to the base having aluminium
coated front face (highlighted with dashed red lines in the pic-
ture) identify the fixed user mirrors B and C. Also the front
side of the base is coated with aluminium to be used as an
auxiliary fixed mirror. These three mirrored surfaces are flat
and nominally parallel (within 1 mrad). The central T-shaped
block (highlighted with dashed yellow lines) is the only
moving element displaced by the piezo actuators assembly
described later (sections 1.2 and 1.5). Its front side, namely
mirror A, is aluminium coated to offer the broadest optical
reflectivity range for the user side. Mirror A is nominally

parallel to the block backside, F, which conversely is multi-
layer dielectric coated for a maximal reflectivity value at the
633 nm wavelength (R > 99.5%). The last block is tilt adjust-
able by means of a precision high stability 2" tip-tilt mount
(Fine Adjustment, Mars Series). It is coated with the same
high reflectivity layer on its front surface, and it identifies
the mirror E, which together with mirror F form the multi-
reflection arm of the internal interferometer (described in par.
1.3). The possibility of tilting the ‘fixed’ mirror E allows trim-
ming the angle between E and F. This allows one to change the
number of multiple internal reflections N, to the desired value
and to optimize the interferometer alignment. Both mirrors E
and F have flatness \/20.
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Figure 3. Detail of the mirrors assembly. Two aluminium coated blocks (highlighted in red in the picture) are the fixed user mirrors, B,
and C. The central T-shaped block (highlighted in yellow) is the main moving element. Its front side, mirror A, is the moving user mirror.
The block backside, mirror F, faces mirror E fixed to the base. The two are multilayer dielectric coated (for a maximal reflectivity value at
633 nm) and form the multi-reflection arm of the internal interferometer.

The three front mirrors A, B, and C are the ‘user’ mirrors
for the calibration of the interferometers. Considering the sim-
plest differential interferometer configuration, two beams are
sent parallel towards the target (the PRA in this case) where
one mirror is fixed (B or C) and one is moving (A), and the
measurand is their relative displacement. In more advanced
interferometers four beams are used (e.g. the ZMI-DPMI by
Zygo): two as a reference and two for the measurement (see
section 3). The adopted arrangement, a fixed and a moving
mirror for the PRA, is versatile enough to host different inter-
ferometric configurations. We chose the three-mirror arrange-
ment and their dimensions expressly to replicate the NPL XRI
(mentioned above) already optimized for the same purpose.
This choice allows for the same high-resolution interferom-
eters usually compared with the XRI to be compared with the
PRA.

Figure 4 shows a picture of the fully assembled PRA
during an internal test phase.

1.2. The main actuator, closed- and open-loop working
approaches

The actuator used to move the block with A and F mirrors is
based on a commercial piezo nanopositioning stage (Mad City
Lab Inc. mod. Nano-OP100) that can be driven in closed loop
by its own controller for a 100 pm displacement range with
a stepped resolution of 0.2nm (Nano-Drive™ controller, 20
bit DAC and 24 bit ADC directly accessible through a USB
interface). The flexure hinges, which form the guidance mech-
anism, are cut into the aluminium structure using electric dis-
charge machining providing a resonance frequency of 2kHz
with a 100 g load.

The resolution of the Nano-OP100 active control, although
very high, does not allow us to achieve the goal of less than
10 pm level resolution. Also, the noise introduced by the
active control (see par. 2.2) could be not compatible with high
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Figure 4. Picture of the assembled PRA: in the foreground, the
user’s mirrors are visible; in the background, the components of the
reference interferometer are visibly glued to the ceramic glass base.

resolution applications. For these reasons, we have envisaged
two ways of operating the PRA: closed and open loop.

In the closed loop mode, the position of the mirror is
actively controlled by the Nano-OP100 driver in a deter-
ministic way within the resolution of the driver itself. This
mode is useful when deterministic, large range movements
are required, e.g. ramps, sinusoidal or triangle wave modula-
tions. The Nano-OP100 driver allows the a priori determina-
tion of the movement within a relative accuracy of the driver
that itself is better than 10~%, with nanometer uncertainty. In
any case, the real displacement of the actuator is given by the
PRA interferometer output with the resolution and accuracy
discussed later.

In the open loop mode, the Nano-OP100 driver is switched
off. A low noise high voltage driver [42] is connected to the
piezo of the Nano-OP100 actuator allowing for a very low-
noise movement, although, because of the intrinsic non-
linearity of the piezo actuators, the displacement is not wholly
deterministic. This mode is useful when very small move-
ments must be applied to the mirror to the purpose of testing
the resolution of displacement sensors in the subnanometer
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Figure 5. Characterization of the straightness of the actuator used for the displacement of the mirror. Left: experimental set-up; right:
synoptic table for the maximum yaw (yellow) and pitch (blue) errors relative to different positions of the load on the moving plate. The

errors are in prad p-p over the full 100 pm range.

range. Also in this case the real displacement of the actuator is
given by the PRA interferometer output.

We proceeded to an accurate characterization of the perfor-
mances of the Nano-OP100 considering the off-axis angular
deviation error of the mirror movement one key parameter for
the PRA displacement actuator. With the use of an autocol-
limator (Moeller Wedel mod. ELCOMAT 3000) we measured
the tip-tilt rotations of a mirror secured to the moving part of
the actuator while it elongates. The measurements were done
for different loads and their different positions on the moving
plate. The used setup is shown in figure 5 aside the results
of a typical measurement. As a result, a relatively large rota-
tion on both angles was observed along the scan. This pre-
vented the direct use of the Nano-OP100 being its movement
not accurate enough to satisfy the required performances of
the PRA. In section 1.5 we describe the method developed to
compensate the angular displacement error of the long-range
translation stage.

1.3. The reference interferometer

The metrological reference of the PRA is the interferometer
embedded in the structure which measures the displacement of
the moving mirror. The principle and the mathematical details
of the multiple-reflection interferometer have been extensively
described in [43, 44]. In brief, in a multiple-reflection interfer-
ometer, the measurement arm is made of two quasi-parallel
mirrors. The laser beam, entering with an incidence angle «, is
reflected N times between the two mirrors acting as an ampli-
fication of the optical path. This scheme allows one to largely
increase the resolution and to reduce the errors of the refer-
ence interferometer by a factor of N (typically about 80 for
the PRA) with respect to a classical homodyne interferometer.

We show the optical layout of the PRA internal interfer-
ometer in figure 6 using a CAD rendering reconstruction.
The laser beam exits from a fiber terminated with a collima-
tion lens (H) passes through a Faraday isolator (I) and after a
folding mirror (J) crosses a A/2 waveplate (K) used to adjust
the linear polarization orientation before entering in the inter-
ferometer. By means of a 50% glass plate beam splitter (L),
the beam is divided into a reference beam, which is reflected
by a fixed mirror (M), and a measurement beam, which goes
to the multiplication section. This is constituted by the two

high reflectivity mirrors F and G. After N reflections between
F and G mirrors the beam is reflected back towards the beam
splitter (L) for the recombination with the reference beam.
The reference beam passes twice through a A8 waveplate
(N) which transforms the beam polarization from linear to
circular. Eventually, the two beams interference is revealed
by the detector assembly (O) which generates the two quadra-
ture signals as described in [44]. The \/2 waveplate (P) placed
in front of the detection assembly allows one to balance the
amplitude of the two signals.

In principle, only the M8 waveplate is needed to obtain
a sine and cosine signal for the phase measurement. In the
practical realization, an auxiliary M4 waveplate (Q), have
been inserted into the optical path to compensate unwanted
polarization rotations occurring at the beam splitter and in the
multi-reflection arm. By trimming the four wave retarders it
is possible to balance the relative intensity and phase of the
two signals to obtain almost ideal sine and cosine profiles.
A further overall normalization is implemented numerically
as explained later (par. 1.6.1). In the measurement arm is
inserted a beam sampler (R), which addresses a small portion
of the beam, coming from the multiplication mirrors towards
the beam splitter, to a four quadrant detector (S) used to detect
the tilt error of the moving mirror (see section 1.5).

1.4. The stabilized laser source

We have used a He—Ne stabilized laser made by SIOS GmbH
model SL/02. The laser wavelength is stabilized to 1073 level
and calibrated at the INRIM facilities. One polarization,
selected by means of a PBS cube, is fibre coupled and guided
to the optical bench via a 2 m long single mode polarization
maintaining fibre. The output collimator, fixed on the bench
via a steering mount can be considered the built-in laser source
of the reference interferometer allowing one to keep the heat
source generated by the laser far from the sensitive interfer-
ometer parts. Particular care has been taken to avoid vibra-
tion-induced stresses of the fibre, recognizing that all rotations
of the polarization couple with the faraday isolator, causing
a non-negligible modulation of the laser power feeding the
interferometer. Experience teaches that amplitude modula-
tion can cause small phase noise that can be critical in very
high resolution applications. In turn, during the stage scan,
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Figure 6. Optical layout of the interferometer used as the PRA
internal reference: (H) fiber collimator on tip-tilt mount, (I) Faraday
isolator, (J) steering mirror, (L) beam splitter, (M) reference mirror,
F and G moving and fixed mirror of the multiplication assembly,
(N) M8 retarder, (K and P) \/2 retarder, (Q) A4 retarder, (R) beam
sampler, (S) four quadrant detector. In the box on the left the detail
of the detector assembly (O).

this amplitude modulation couples with non-linearities con-
tributing with a phase noise to the signal, resulting in a critical
issue in very high-resolution applications. The laser power at
the output of the collimator was about 0.8 mW, adequate to
obtain an excellent signal to noise ratio at the detector level.

1.5. The angle detection and the ‘pentapode’ actuator

The parallelism of the mirrors is a fundamental requirement
for the accuracy of interferometric measurements. As said in
paragraph 1.2 the piezo actuator residual tip-tilt errors are not
acceptable for the purposes of the PRA. Furthermore, good
parallelism is also needed to keep the alignment of the multi-
reflection interferometer over the full displacement range.
Therefore, a system to detect and correct tip-tilt errors has
been built.

The detection system is based on the same laser beam used
for the interferometer, picked up after the multiple reflections
between the two mirrors E and F. When the interferometer is
aligned and the F-mirror movement is parallel to itself, the
reflected beam is superimposed to the outgoing beam. As soon
as the mirror rotates, the beams undergo a rotation equal to
the one of the mirror multiplied by the number of reflection
on the same mirror [45] causing a large angular spread of the
returning beam. Said rotation, combined with the laser path
length causes a lateral displacement of the returning beam.
A small portion of this beam is extracted by a beam sampler
(~4%) and sent to a four quadrant detector which generates
two electrical signals proportional to the vertical and hori-
zontal rotation of the mirror (see figure 6). These two signals
are used as error signals by the angle control unit.

For the correction of the angle errors, we have built the
actuator shown in figure 7. Five piezo actuators control the
movement of an upper stage supporting the Nano-OP100.
They are connected to a lower base plate fixed to the main

546

glass structure of the PRA. Two piezos work in parallel to lift
the back of the stage implementing the pitch angle, other two
work on the horizontal plane in a push-pull mode to imple-
ment the yaw angle. The last one works longitudinally to
push back and forth the stage in parallel to the main actuator
axis (x-axis) and can also be used to move the user mirror
by small displacements to fill the gap between consecutive
Nano-OP100 steps when used in closed loop. Load springs
are used to counterbalance the piezo action. Because of the
five actuators configuration, we have named the device as
‘pentapode’ although in fact it controls only three degrees of
freedom. The five identical piezo actuators have about 5 pm
range with 100 V leading to a tip tilt range of about 60 prad
(12 arcsec), enough to compensate the OP-100 errors. The
pentapode has been characterized by using the cited autocol-
limator applying different voltage ramps to the pitch and yaw
controls. The results are described in section 2.1.

We investigated the sensitivity and the independence of
the two axes (horizontal and vertical rotations) to validate the
actuator. We have used a set-up similar to the one shown in
figure 5 where an autocollimator ELCOMAT 3000 aims at a
mirror fixed to the pentode while the voltages applied to the
piezos are changed. Figure 8 shows the result of the character-
ization done for the horizontal and vertical deflection angles
respectively graphed versus their driving voltage in panels
(a) and (b). Starting from the characterization of yaw angle
(figure 8(a)): we measured both yaw (blue) and pitch (pink)
curves applying a triangular ramp to the horizontal moving
piezo actuators, 0—110 V. The measurement was repeated
three times for three different constant voltages applied to
the orthogonal axis (pitch): respectively 0, 55 and 110 V. It
can be observed that the three blue curves have linear trend
and overlap, meaning that the yaw control was independent
on the value of the pitch angle. Furthermore the orthogonal
pitch angle resulted constant while yaw was modulated. The
results were confirmed by the curves of figure 8(b) obtained
applying the complementary procedure to the same quantities.
That means good orthogonality between the two actuators,
allowing the correct operation of the two independent control
loops. The two sensitivities (angle versus voltage) resulted
1.06 prad V~! for the yaw control and 1.17 prad V~! for the
pitch control.

These results allow us to compensate for pitch and yaw
errors within a range of about 100 prad for the yaw and about
140 prad for the pitch that is enough for our purpose.

1.6. The software, the electronics and control loops

The overall control of the interferometer requires the han-
dling of two analog input signals proportional to sine and
cosine of the interferometer phase ¢, and the signals from
the four quadrant photodiode used to monitor the auto-
collimation condition and to correct the tip-tilt angle.
The interferometer sine and cosine signals are digitized
employing a multifunction data acquisition module (NI USB-
6251) that performs up to 1 Msample s~ ! (aggregate mode)
with 16-bit resolution. Signal acquisition is performed via
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pentapode

Nano-OP100

Side view

Figure 7. (a) CAD representation of the pentapode; the five piezos are in black, the light grey structure is fixed to the PRA base, the top
grey part is the moving one. (b) Picture of the assembled pentapode with the actuators for the vertical angle visible at the back-side. (c)
CAD representation of the Nano-OP100 transducer fixed to the moving part of the pentapode.
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the same procedure.

an ad hoc software written in LabView®. An analogic circuit
conditions the angle control signals.

1.6.1. Software for normalization and fringe counting.  To have
the desired linear phase-displacement function, normalization
of the two signals coming from the photodiodes is mandatory.
A correction in amplitude and offset is needed to consider the
two signals as real sine and cosine. We chose not to act elec-
tronically on the quadrature of the two signals in order to reduce
the possibility of systematic errors coming from the electronics.
Quadrature correction, as explained in paragraph 1.3, is made
by trimming the retarder plates in the interferometer. Assuming

that the two signals are in quadrature, the signals x and y detected
by the photodetectors D1 and D2 can be written as

x=Acosp+p ¢[-1,1]
y=Bsing+q ¢[-11]

where ¢ is the phase to be measured, A and B are the scale
factors, p and q are the offsets. To find these values, we need
to collect enough data of the original sinusoids in order to have
at least one maximum and one minimum value corresponding
to the positive and negative peaks of the curve, practically a
complete phase rotation, at least. For each x and y set of data
the scale factor is evaluated as the half range and the offset as

—1
B (1)
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represented case, the PRA is moving its mirror at a constant speed; the left screen displays the phase circle plot; the right screen displays
the distortion of the phase circle with respect to a perfect circle. The yellow arrow indicates the box where the number of reflections is

digitated manually.

the middle value between maximum and minimum and they
are stored as fixed values to modify the incoming data.
The modified new signals will be then

cosp= (x—p)/A €[-1,1]
sinp = (y—¢q) /B €[-1L1].

Here, we conveniently distinguish two possible working
modes: a quasi-static and a dynamic mode. The quasi-static
mode implies that the phase for any data buffer acquired by the
DAC board spans only a small portion of the phase circle. In
this case, to normalize the fringe, we need a preliminary scan
of the device to store within the data buffer one or more phase
revolution that corresponds to a minimum of about 4 nm. The
normalization values are then calculated, stored and succes-
sively applied during the measurement phase. In the dynamic
mode, i.e. when the PRA is moved long and fast enough (e.g.
during a linear scan), each data buffer contain several phase
revolutions allowing the normalization parameters to be cal-
culated and updated in real time for each buffer.

Once normalized, the two signals are sent to a LabView
routine which calculates and unwraps the phase vector. Then
the phase is multiplied by the wavelength of the laser in air
and divided by the constant N of the multi-reflection inter-
ferometer. The reading of the reference interferometer is the
numerical output of the PRA. This number is saved, and the
power spectral density is constantly calculated.

The graphic interface provides, aside from other inform-
ative boxes and controls tabs, the real-time phase circle

@)

representation and the averaged power spectral density
analysis of the time signals. Both capabilities are used to
check the correct alignment of the interferometer routinely.
Furthermore, a qualitative indication of the distortion circle
is displayed on request. In figure 9 is shown the PRA user
interface. Two displays are always on: the user can choose the
function of each one during operation. In figure 10 are shown
the possible functions graphed on the two displays.

1.6.2. Angle control loop. The straightness of the F-
mirror movement is checked by extracting a 4% of the
beam exiting from the multiplication path and addressing it
on a four-quadrant detector. Four trans-impedance ampli-
fiers and a sum-difference circuit extract two signals rep-
resenting the vertical and horizontal unbalance of the light
spot on the quadrant detector. An auxiliary sum signal can
be used to monitor the power of the laser. The quadrant
detector is pre-aligned so that when the auto-collimation
condition of the multi reflections interferometer is satisfied,
the two signals are zero. The vertical and horizontal unbal-
ances represent respectively pitch and yaw errors of the
mirror movement and thus are used as error signals for two
independent closed control loops (proportional-integrative)
acting on the pentapode to keep the movement straight. The
piezo actuators of the pentapode are driven by four low-
noise HV amplifiers: one for the vertical piezos, two for
the push-pull horizontal piezos and the last for the auxiliary
longitudinal piezo.
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Figure 10. Screenshots of the control monitors available in the graphic interface. Upper row refers to the left screen in the control panel.
From left: setting of the acquisition parameters (the sampling frequency and the number of acquired samples); displaying the raw acquired
signals from the photodiodes; displaying the phase circle (before and after the normalization). Lower row refers to the right screen in the
control panel. From left: time plot of the calculated displacement in nanometers; plot of the noise spectral density in nm v/Hz~'; distortion

of the phase circle (before and after the normalization).

1.6.3. Control strategy. In figure 11 we show the block dia-
gram of the PRA controller. The optical path, the electrical and
the mechanical links are indicated with arrows. The diagram
summarizes the role of the PRA building blocks described so
far. The blue box highlights the Mad City Lab Nano-OP100
piezo linear stage with its integrated displacement sensor and
the control loop. The sensor and the control are used in the
closed loop operation mode (see par. 1.2). In the open loop
mode the input is directly sent to the piezo through an HV
amplifier and the Nano-OP100 control is ignored. The orange
box highlights the angle control. This control loop is always
on. The Nano-OP100 piezo actuator, connected to the PRA
base through the pentapode tilter, moves the mirror block
which in turn is measured by the interferometer. Finally, the
user measures the displacement of the same mirror block and
compares his results with the numerical output coming from
the interferometer software.

2. Experimental results and characterization

In this section, the characterization of the performances of
the PRA regarding the straightness of the mirror movement
and of the reference interferometer resolution and noise are
presented.

2.1. Angle control performance test

To verify the effectiveness of the active angle control func-
tional part, used to keep straight the displacement of the
moving mirror as described in paragraph 1.5 and in 1.6.2, the
following test has been performed. The PRA mirror is moved
back and forth under the interferometer control over the full
100 pm range of the Nano-OP100 actuator. The active angle
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Figure 11. Block diagram of the PRA control. Arrows indicate the
optical path, the electrical and the mechanical links. The blue box
highlights the Nano-OP100 piezo linear stage with its integrated
displacement sensor and the control loop. The orange box highlights
the angle control. See text for details.

control keeps the error of the angle sensor close to zero by
acting on the pentapode. An autocollimator aiming at the
moving mirror (mirror A of figure 3) measures tip-tilt devia-
tions while the displacement of the mirror is recorded. The
measurement has been repeated several times with similar
results. Typical results are displayed in figure 12. The residual
pitch and yaw errors are respectively within 0.9 and 0.5 prad
p-p for the full range of the PRA.
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2.2. Reference interferometer resolution and noise

The output noise of the actuator, including its thermal,
mechanical and electronic noise, limits the resolution of the
PRA. Thus the ultimate resolution is a frequency dependent
parameter which we quantified by measuring the noise spec-
tral density, NSD, of the interferometer output while driving
the actuator with a null signal. We show in figure 13 the NSD
recorded in different conditions: the red curve represents the
PRA noise when working in open loop with the angle control
function is active (i.e. the Nano-OP100 control switched off);
the green curve is the noise of the electronics including the
detector, the ADC board, and the quantization noises. This is
obtained by switching off the laser, and it represents the detec-
tion limit of the optoelectronics. The blue curve is obtained
with the laser switched on and the measurement arm of the
interferometer blocked. This spectrum is an indication of the
contribution of the laser amplitude noise to the interferom-
eter output. Finally we report the grey curve as the noise of
the PRA when working in closed loop, i.e. with Nano-OP100
control switched on. The measurements were performed on a
passively damped optical table in an underground laboratory
at INRIM which is thermally stabilized to (20.0 £ 0.1) °C.
A wooden box, enclosing a portion of the table, was used to
create a turbulence-free environment. Observing in detail the
open loop noise of the PRA starting from very low frequen-
cies we see that the noise is of the order of a few nanometers at
1 mHz than goes rapidly below 1 nm v/Hz ! and reaches the 1
pm+/Hz ! at few hertz. This typical low frequency behavior
can be likely explained with thermomechanical drift of the
overall structure, in particular of the less rigid parts i.e. the
moving stage of the PRA (composed by the pentapode plus
the Nano-OP100). The noise visible between few tens of hertz
to few kilohertz are mainly due to the residual acoustic and
vibrational energy coupling with the mechanical resonances
of the moving stage of the PRA. These contributions reduce
with frequency until the electronic noise dominates them at
a level of few fm+/Hz !. The residual narrow peaks in the
kilohertz range are likely due to electrical interference noise,
indeed are visible in all spectra. One could observe, by com-
paring the red and the blue curves that part of the noise seems
to be attributable to the laser power noise, mainly in the low-
frequency range.

We can conclude that the PRA noise when operating in
open loop mode is less than 1nm+/Hz ! for frequencies
higher than few mHz and goes down to 1 pmv/Hz ' and
less for frequencies higher than a few Hertz. When operating
in closed loop mode, under the control of the Nano-OP100
driver, the noise is dominated by the control electronics of
the same. Although quite higher than the open loop mode, the
noise of the PRA in closed-loop, considering the 100 pm full
range of the actuator, is remarkably good.

Another way to show the extremely high resolution of the
PRA is to observe the time plot of the reference interferom-
eter when the mirror is moved with a very low driving signal.
In figure 14 is shown the PRA output when the piezo of the
Nano-OP100 is driven in open loop with a 10 pV p—p square
wave corresponding to a 10 pm p—p displacement. The driving
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Figure 12. Measures of the residual error of pitch and yaw angles
when the angle control loop is active. The Nano-OP100 is driven
with a triangular ramp to the full 100 pm range. The graph is
obtained by averaging 5 complete back and forth scans for a total
measuring time of 1400s.

signal is generated by passive attenuation (80 dB) of a 100
mV p-p signal in order to avoid errors at the microvolt level.
The high signal to noise ratio is evident also at the picometer
scale. Note that 10 pm is 1077 of the full range of the PRA.

2.3. Reference interferometer accuracyllinearity

The accuracy of an interferometric measurement depends
mainly on the alignment of measurement axes (cosine errors),
the straightness related errors (Abbe errors), the knowledge of
the laser wavelength A including the effect of the air refrac-
tive index n and the non-linearity of the phase/displacement
function. Furthermore, in the case of the multi-reflections
interferometer, the accuracy depends also on the number of
reflections N and a correction factor v related to the multi-
reflection geometry.

Regarding the alignment, assuming a conservative maximal
parallelism error between mirror A and mirror F of 1 mrad,
the cosine error associated to the measurement of mirror A
displacement along its normal is about 5 - 1077, leading to a
maximum of 50 pm over the full 100 pm range.

Regarding the Abbe error, we have to consider the com-
bined effect of the straightness error of the moving mirror
with the offset between the internal reference interferometer
and the user interferometer axes. In fact, the internal multi-
reflection interferometer has a distributed measurement area,
but we can assume that the ‘virtual’ measurement axis coin-
cides with the average position of the multiple reflection posi-
tions. This has been estimated to be within + I mm to the
center of mirror A. Assuming a worst case 1 purad p—p straight-
ness error, combined with a worst case 1 mm distance between
the measurement axes, the maximum Abbe error will be 2nm
p—p over the full range.

Regarding the knowledge of )\, thanks to the laser stabiliza-
tion circuitry together with the calibration against the national
length standard, we can state that the maximum relative error
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Figure 13. Noise spectral density of the interferometer. The red curve is the noise of the interferometer when the control of the piezo
actuator is off (open loop mode), the grey curve includes the noise of the piezo actuator electronics (closed loop mode). See text for detail.
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Figure 14. Time domain resolution test. The piezo of the Nano-OP100
to 10 pm p—p = 1077 of the full range of the PRA.

associated to \is 5 - 1078, which is negligible compared to the
effect of the air refractive index n. The latter is estimated using
the Edlen [46, 47] formula with the environmental parameters
of the laboratory. The maximum relative error associated to A
is5-1077.

Regarding the phase/displacement function, being this the
more critical uncertainty term, a detailed discussion is given
in par. 2.3.2.

Regarding the knowledge of the multiplication factor N,
in fact we cannot properly call it an uncertainty source since
it is an exact number, nevertheless it must be known without
ambiguity, if not the error would be larger than the percent. A
discussion about how to find the exact value of N is in para-
graph 2.3.1.

In a multi-reflections interferometer, because of the non-
zero incidence angle («), each reflection on the moving mirror
is not orthogonal to the displacement; furthermore, the mirror
displacement causes a lateral shift of the whole reflection pat-
tern. The combination of these two effects causes a deviation
ffrom the gain calculated as if « was zero of the order of few
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is driven in open loop with a 10 pV p—p square wave corresponding

parts per thousand. The correction factor is function of N and
« according to the exact formulae reported in [44]. Given a
value for NV, an error must be associated with the estimation of
«. In our case, we have measured « with an uncertainty of 100
prad leading to a proportional error of the correction factor of
6.6 -107°.

Finally, an uncertainty budget is given in par. 2.3.3.

2.3.1. Evaluating the number of reflections. The integer num-
ber of reflections N is to be known without ambiguity, however
its determination it is not straightforward. It is challenging to
count the number of reflections by looking at the spots pat-
tern on the mirrors or estimating it by measuring the angles
in the multiple reflection set-up. For these reasons we adopted
two alternative methods. The first is to compare the output of
the PRA software, considering N as a parameter to be deter-
mined, with the output of the interferometer to be character-
ized by the PRA for a relatively large displacement (of the
order of micrometers). If the proposed number is incorrect
the difference between the two readings will be huge (more
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Figure 15. Determination of the multiplication factor N. The comparison of the output calculated by the interferometer software (yellow
graphs) with the nominal displacement of the piezo actuator (992 and 496 nm respectively) allows one unambiguously find the integer
number corresponding to the number of reflections on the mirrors (in the example N = 75).

than 1 percent), while if it is correct the difference will be at
the scale of the interferometer errors (nanometers). An even
simpler method exploits the metrology on board of the piezo-
electric actuator Nano-OP100. The metrology guarantees an
accuracy better than 10~* or to the nanometer level, so if we
compare the displacement imposed to the piezo actuator with
the reading of the PRA we can find the right value of N. We
show in figure 15 two practical scenarios illustrating the situa-
tion. The piezo actuator was programmed to oscillate the mir-
ror with a square wave, having arbitrarily selected amplitude
of 992nm and 496 nm p—p respectively. The p—p values mea-
sured by the PRA software were recorded (in yellow) while N
was changed progressively. It is clear that only one value of
N, namely N = 75, is correct. We note that this procedure, our
preferred, has to be applied only when a realignment process
of the PRA interferometer is required (e.g. after transporta-
tion). In normal use N will not change, thus can be considered
a constant of the instrument.

2.3.2. Evaluating the non-linearity of the interferometer. The
accuracy of the reference interferometer has been esti-
mated theoretically and confirmed experimentally. The
multiple reflections interferometer has a typical multiplica-
tion factor of about 75 (number of reflections on each mir-
ror). That means that the periodicity of the 27 phase cycle
is 633nm/2/75 ~ 4.2nm. We have estimated that the residual
non-linearity error due to non-orthogonality of the sine-cosine
signals can be easily kept at 1% level by properly adjusting
the retarding plates and after the normalization process. That
leads to a maximum conservatively estimated error of the
order of 50 pm p—p.

The real accuracy of the device could be evaluated only
against an interferometer having better performances. When
it is not available an alternative experimental approach can
be used based on the Fourier analysis of the PRA output
while a linear displacement is applied to the piezo. This clas-
sical technique consists in moving the interferometer mirror
at a constant speed and observing the interferometer output
in the frequency domain. Any non-linearity of the phase-
displacement function will appear as a harmonic component
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of the output. For a given speed v (nm s~!) and a non-line-
arity with a periodicity x (nm), the expected component in
the frequency domain is at f= v/x (Hz). What we expect to
find in our interferometer are non-linearity with periodicity
4.2nm, which for a speed of 100nm s~! correspond to about
24 Hz. Also, we have looked for non-linearity with a period
equal to 633/2nm which could be caused by spurious interfer-
ence with light scattered by mirror surfaces. In figure 16(a)
we show the output of the PRA when the actuator is driven to
generate a triangular displacement, i.e. constant speed driven.
In figure 16(b) the residuals from the ideal linear ramp for the
two consecutive ramps highlighted in 16(a). In figures 16(c)
and (d) the Fourier transforms of the interferometer output
after having subtracted the linear component for two different
speeds are shown. The arrows indicate the expected Fourier
components for the ~316 and the 4.2nm non-linearities. No
components at the expected frequencies are observed out of
the background. Consistently, with what we have estimated
from the distortion of the phase circle, the error is lower than
100 pm. The noise of the Nano-OP100 electronic limits this
conservative result, see par. 2.2. This measurement also served
as a further characterization of the Nano-OP100 regarding lin-
earity and resolution. Indeed the residual from linearity shown
in figure 16(b) are of the order of less than 3nm p—p That is
a quite good performance, considering the long stroke of the
actuator.

A further confirmation that the cyclic error of the interfer-
ometer is within the estimated 50 pm p-p value is given by the
experimental test described in section 3.

2.3.83. Evaluating the contribution of the noise to the
uncertainty. Regarding the noise contribution, as we have dis-
cussed earlier, it depends mostly on the operation mode (open
or closed loop), so in the error budget, we have to distinguish
these two cases. To evaluate the contribution of the noise to
the uncertainty, we have used the Allan deviation estimator.
The Allan deviation tells us the contribution of the fluc-
tuations to the uncertainty of the measurement as a function
of the measurement time. Typical Allan deviation of real
measuring instruments initially decrease constantly, starting
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Figure 16. Linearity characterization by means of Fourier analysis. (a) Output of the PRA driven to generate constant speed ramps;

(b) residual from the ideal linear ramp for the two consecutive ramps highlighted in (a); (c) and (d) Fourier transform of the interferometer
output after having subtracted the linear component for two different speeds. The arrows indicate the expected Fourier components for the
316 and the 4.2 nm non-linearities. No components at the expected frequencies are observed out of the background.

from short towards long time intervals (where longer times
lead to averaging more randomly distributed samples), finally
tend to increase for long time intervals where the fluctuations
grows with a slope larger than 1/f (typical thermo-mechanical
drift). For these reasons, it has a minimum indicating the
time interval where the measurement has less uncertainty. In
figure 17 we present the Allan deviation of the temporal series
of the PRA in open and closed loop mode used for the noise
spectral density of the red and grey curves of figure 13. In
both curves, the variance grows substantially for time inter-
vals larger than few seconds. With the aim of defining a value
for the uncertainty budget, we have considered a measurement
interval shorter than 10s and have considered the conservative
values of 50 pm for the open loop mode and 0.25 nm for the
closed loop mode.

2.3.4. Uncertainty budget. The uncertainty budget includes
the contribution due to non-linearity (cyclic), contributions
due to scale factor errors (proportional to the displacement)
and terms due to noise (random and time-dependent). Because
of the different nature of the contributions the error budget
is dependent both on the amount of displacement and on the
duration of the measurement.

If the displacement is smaller than the periodicity of the
phase, i.e. at the nanometer scale or less, we can consider the
phase-displacement function as a linear function, but with
a slope affected by cyclic errors. We have assumed that the
maximum slope deviation due to cyclic errors is 1% p-p,
with sinusoidal distribution. This leads to a proportional

553

1.E+01

1.E+00

Allan deviation / nm

—@— Open Loop

Closed Loop

10

100 1000

measurement time interval / s

Figure 17. Allan deviation of the fluctuations of the PRA in closed
and open loop modes.

contribution to the uncertainty of 0.01/2A/ 2~ 3.5 - 1072,
This contribution is much larger than any other scale factor,
and so it is the only one which is considered in the uncertainty
budget. On the other hand, the contribution of the noise in this
range is dominant.

In an intermediate scale, exceeding several nanometers,
we have to consider the cyclic nature of the non-linearity
of the interferometer. Assuming this to be 50 pm p—p with
sinusoidal distribution, we can estimate the contribution to be
50/2/7/ 2 ~ 18 pm. Again we have to sum the contribution of
the noise.
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Table 1. Uncertainty budget. The contribution of the noise has been evaluated for a measurement time < 10s. The combination of two

ranges and two operating modes lead to three different budgets.

Open loop
Operating mode measurement range (sub nanometer) Open loop (>5nm) Closed loop (>5nm)
Uncertainty contribution Constant Proportional Constant Proportional Constant Proportional
Non-linearity 35-1073 18 pm 18 pm
Noise 50 pm 50 pm 250 pm
Wavelength 5-1077 5-1077
Abbe error 2-107 2-107°
Misalignment 5-1077 5-1077
Correction factor f 6.6-107° 6.6-107
Constant term 50 pm 52 pm 251 pm
Proportional term 35-1073 2.1-1073 2.1-107°

Squared combined uncertainty >

(50 pm)* + (3.5 - 1073 L)?

(52 pm) + (2.1 - 107> L) (251 pm)?> 4 (2.1 - 107 L)?

PRA
Heterodyne —
Interferometer
PC

1/0 data acquisition
and control board

Figure 18. Set-up for the characterization of the INRIM heterodyne interferometer with the PRA. Left: scheme of the interferometer. Top
right: picture of the PRA (on the front left) and the INRIM heterodyne interferometer (on the back right). Bottom right: the PRA mirrors
seen from the side of the interferometer under test. Four laser spots are visible, two on the moving mirror and two on the reference mirrors.

For displacements at the micrometer scale up to the full 100
pm scale, the dominant contribution is the scale factor. The
various contribution are discussed earlier. On the basis of the
above considerations we present two error budgets, one for
the subnanometer range the other for larger ranges.

The contribution of noise should be evaluated on the basis
of the measurement time interval, but for the sake of sim-
plicity, we decided to consider a single, yet reasonable, time
interval: 7 < 10s. So, as discussed in the previous chapter we
will consider only two uncertainty values: 50 pm and 250 pm
respectively for the open and the closed loop modes.

We summarize the PRA uncertainty budget in table 1. We
have considered three different operative conditions: the first
is in open loop mode for very small displacements, the second
is in open loop mode for displacements from several nanom-
eters to the full range, and the third is in closed loop mode.

3. Application example

One of the purposes of the PRA is to calibrate and to char-
acterize non-linearities of other interferometers. Nanotrace
project gave us the possibility to make different comparisons
with other interferometers and thus to demonstrate its high
accuracy.

Here we report the comparison made against a double
pass heterodyne interferometer of INRIM, joining the same
Nanotrace project (described in [48], page 86). The guest
interferometer is placed in front of the TS. Two out of the
four beams of the interferometer are reflected by the moving
mirror A, while the other two are reflected by the two fixed
mirrors aside B and C (see the detail in figure 18).

The following measurement test has been performed. The
mirror is moved linearly while the PRA output is recorded
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Figure 19. Characterization of a four beams heterodyne
interferometer’s non-linearity. Black curve and white curves are
the readings of respectively the guest interferometer (HET) and the
internal reference interferometer (PRA) of the movement of the
piezo actuator after removing the linear part (left scale). In red the
difference in the two readings (PRA-HET) highlighting the non-
linearity of the interferometer under test (right scale) having M4
periodicity. In (a) the PRA is operating in open loop mode: the piezo
non-linearity is evident. In (b) the PRA 1is operating in closed loop
mode. The piezo non-linearity is strongly reduced, but the overall
noise is increased.

together with the output of interferometer under test. The
two readings, in principle identical, are then compared. In
figures 19(a) and (b) the result of a typical scan are reported.
In the test, the piezo actuator is displaced of about 5 pm by a
linear ramp. In the case of figure 19(a) the PRA is operating
in open loop mode. The PRA gain was N = 87. Black and
white curves in the figure are the readings of the two interfer-
ometers after removing the linear component. The two curves,
almost identical, show the typical non-linear behavior of the
piezo actuator (about 170 nm over 5 pm). The red curve is the
difference between the two readings represented in the ampli-
fied scale on the right. An evident oscillation with 158 nm
periodicity is the typical cyclic non-linearity expected from
a double pass interferometer (633nm/4). A similar measure-
ment is reported in figure 19(b) where the PRA is operating in
closed loop mode. It is evident that in this case the actuator is
linearized by the control loop (only 2nm over 4 pm) which,
on the other hand, has the obvious effect to increase the noise
reducing the resolution of the comparison. Nevertheless, the
difference between the two readings gives identical results in
the two modes.
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Figure 20. Fourier analysis of the difference between the output
of the HET under test and the output of the PRA. The harmonic

components of the HET are clearly visible. The distortion of the
PRA is less than ten times smaller.

This result shows that an unknown interferometer can be
accurately characterized, showing, in this case, a non-linearity
of 300 pm p—p

Similarly to the results reported in figure 16, we have per-
formed the Fourier transform of the difference signal between
the PRA and HET. We expect to find the harmonics due to
distortion of the heterodyne interferometer summed to the
distortion due to PRA non-linearity. In figure 20 is shown
the Fourier transform of the difference signals of figure 19
(respectively in open and closed loop operation mode). The
distortions of the HET are visible. Besides the expected har-
monic at 158 nm, we observe a harmonic at half the frequency,
due to a spurious signal at \/2, plus various harmonics of the
two. Also, a small signal, expected at the PRA harmonic, is
visible in the open loop mode, while in the closed loop is cov-
ered by the noise. The result is compliant with the estimation
given in 2.3.2.

4. Conclusions and outlook

A precision reference actuator (PRA) controlled by a multi-
reflections interferometer and tilt sensor has been realized
and characterized. The PRA composed of a low CTE ceramic
glass structure where a mirror is accurately displaced with
respect to a pair of fixed reference mirrors.

The device based on a long stroke piezo actuator which
displacement is controlled by a multiple reflection homodyne
interferometer. A custom realized three degrees of freedom
pentapode actuator allows one to control the straightness of
the actuator over the full range.

The PRA has 100 pm range, sub-picometer resolution,
and sub-pradian straightness error. The accuracy has been
conservatively estimated to be less than 50 pm p—p for small
ranges (limited by the reference interferometer non-linearity)
and equal to 2 - 107 relative for long ranges, dominated by
the Abbe error. The noise-limited resolution is less than 1
pm +/Hz ! for frequencies larger than 3 Hz and increases to
100 pm v/Hz ! for frequencies larger than 0.01 Hz.

The PRA is compact (200 x 200 x 100mm), is easily
transportable and has been mainly designed to calibrate
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high-resolution interferometers. Recently the device has been
used to calibrate the interferometers designed to be mounted
on board of Galileo Galilei mission [49, 50] and to be used
in accelerometers for space missions [51]. Thanks to its long
range and very low non-linearities, its use for the calibration
of any kind of high performance displacement sensors for
nanometrology, such as capacitive sensors, confocal optical
probes and mechanical probes, is foreseen.

Furthermore we plan to use the PRA for the accurate char-
acterization of electrostatic actuators to be used to generate
nano-forces for researches related to the new definition of the
kilogram and for the measurement of the Casimir force.

In the next implementation we plan to improve the con-
trol software in order to make the PRA work in a closed
loop mode where the control of the actuator is based on the
output of the interferometer. This will allow us to merge the
high resolution and low noise of the interferometer with the
versatility of a controlled loop capable of generating any
kind of controlled movement (e.g. a sinusoidal movement to
calibrate an accelerometer, or a ramp to drive a microscope
stage).

In conclusion, the PRA provides a toolkit for metrologists
engaging with the rigor of measurement and data analysis at
the nano-scale Engineering Nanometrology, from the funda-
mentals of precision measurement, to different measurement
and characterization techniques.
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