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1 Introduction

Optical forces can trap and manipulate micron-sized objects. Optical tweezers utilize the
high-intensity electric field from a laser source to achieve stable trapping of dielectric
spheres in three dimensions[1]. High intensity and a steep intensity gradient, which
enable trapping, are achieved using a microscope with a high numerical aperture
objective. Pico-Newton Forces and sub-nanometer displacement can be measured using
optical tweezers[2].

Optical tweezers have found a wide range of applications in biophysical experiments.
Traditional imaging methods like X-ray crystallography and nuclear magnetic
resonance imaging can be used to study the structure of biomolecules. However these
techniques can’t reveal the dynamics of the molecules under study. Optical tweezers
bring valuable insight into the dynamics and the mechanics of biomolecules. For
example, optical tweezers have been used to study mechanical properties of DNA
molecules, RNA polymerases and other molecular motors and protein folding
transitions[3, 4]. The advantages of optical tweezers over other single molecule
techniques are the force range, that is well suited for biological systems, and the high-
resolution in the force and position measurements[5].

Control is used to make a device respond in a desired way. It can also be used to
improve the performance of a system. In the atomic force microscope (AFM) feedback
allows imaging samples without damaging them. Different feedback algorithms can be
used to improve the AFM scanning speed[6].

Environmental disturbances in a measurement system can be minimized using feedback
control. Already in the very first optical tweezers instrument Ashkin used feedback
control when levitating particles[7]. He used an electro-optical modulator to control the
optical power. The error signal from two photodetectors was amplified with analog
circuitry to drive the modulators. The achieved bandwidth was 10 kHz. Simmons et. al
used acousto-optic modulators (AOM) to steer the trap[8]. They used amplifiers and
voltage controlled oscillators to close the feedback loop from a quadrant photodetector
to the AOM. The bandwidth of the electronics was 5 kHz and the beads (1 um in
diameter) were trapped using 52 mW laser power (40 pN/um stiffness). They claimed
that the feedback improved the trap stiffness by a factor of 400, but these results have
not been reproduced. Ranaweera used computer simulations to predict the effect of
position clamp proportional control[9]. He found, that with proportional feedback
control, the bead position variance was 49 times smaller than in the open loop case. He
used 0.01 ms sampling time, 10 pN/um trap stiffness and 1 um bead diameter as
simulation parameters. Wulff et. al used fast steering mirrors to control their
instrument[10]. The bandwidth of their control system was 150 Hz and they could
reduce the root mean square displacement by 20% when frequencies above 100 Hz were
filtered out. The laser power was 100 mW whereas the bead diameter was 1 pum.
Pilizota et. al used a digital signal processing board to make an angle clamp to measure
rotary molecular motors[11]. They controlled bead pair angles with 2° resolution with
18 mW laser power and 0.5 um diameter beads. The instrument bandwidth was 1.6 kHz.

One disadvantage of optical tweezers is laser optical damage to active biological
systems[5], and laser induced solution heating[12]. Therefore the trapping laser
wavelength is usually selected to be in the infra-red range so that proteins are
transparent to the trapping light, and so that the light is not absorbed by the solution.
Reduced laser power minimizes the optical damage but decreases the trap strength



which increases position fluctuations. To avoid this drop in trap strength one can use
feedback control.

The aim of this work is to integrate a feedback loop into the optical tweezers instrument
at the Electronics Research Unit/University of Helsinki[13, 14]. Trap steering is done
with AODs. Detection is done using a position sensitive detector and back-focal-plane
interferometry[15]. Data-acquisition is handled with a field-programmable gate array
(FPGA) —card. The FPGA card performs the calculations of the feedback algorithm and
controls direct digital synthesizers (DDS). These DDSs drive the AODs. Position clamp
feedback control is then used to increase the effective trap stiffness of the optical
tweezers.

This thesis first considers optical trapping theory. This is followed by the theory of
back-focal plane detection and the theory of steering with AODs. A calibration
procedure for the AODs and the position detector is presented. The power spectral
density of a bead in a feedback controlled trap is derived.

Design and construction of the feedback controlled optical tweezers is shown in section
3. In section 4 the results from the calibration and the position clamp feedback control
are shown. This is followed by a discussions in section 5 and conclusion in section 6.

The work of this thesis has been presented at three conferences:

1. Ojala, H. Korsbick, A., Wallin, A. and Haggstrom, E., (2007), "Stiffer Optical
Tweezers With Feedback Control", 41th Physics Days of the Finnish Physical
Society, Tallinn, Estonia.

2. Wallin A.E. and Ojala H. (2007) “FPGA-Based Real-Time Feedback Control of
Optical Tweezers”, National Instruments NIWeek Paper Contest entry. Selected
as the contest winner in the Biotechnology and Life Sciences category[16]

3. Wallin, A.E., Ojala, H., Korsback, A., Tuma, R., and Heggstrom E., Real-time
control of optical tweezers. Proceedings of SPIE, 2007. 6644: p. 66441Y.



2 Theory

In this section the physics of optical trapping is shortly explained in the Rayleigh
regime, where the radius of the bead a<<A the wavelength of the light. Position
detection using back-focal-plane interferometry[15, 17] and position sensitive detectors
(PSD) is presented, and the functioning of acousto-optic deflectors (AOD) is explained.
At the end, calibration methods for the optical tweezers instrument are given and the
effect of feedback control is explained using the power spectrum method.

2.1 Optical trapping

The force induced by the electromagnetic field of laser light on a bead (radius a) arises
from two parts, 1) the scattering force and 2) the gradient force. The scattering force is
the change in bead momentum when radiation is absorbed from one direction and
scattered in all directions. This pushes the bead in the direction of light propagation. The
force is directly proportional to the laser intensity | [2]

lon,
Focat = (1)
128722 (m? =1)
o= 4 2 >
31 m- +2

where n_ is the index of refraction in the medium, C is the speed of light, m is the ratio

between the index of refraction of the bead and the medium and A is the wavelength of
the laser.

The gradient force is due to the high intensity gradient in the field. This gradient is
generated by focusing the laser beam steeply with a high numerical aperture (NA)
objective. Treating the bead as a dipole, induced by the light field, the Lorentz force
acting on the bead gives the gradient force[1]

a
F :TDV<E2>, (2)

grad

2
m- -1
a, =n,’a’l — ,
m-+2

where « is the polarizability of the bead and the time average of the square of the

electric field is proportional to the intensity (1 = g,c < E* > [18]).

The gradient force alone would trap the bead in the focal point of the objective. But,
because of the scattering force, trapping happens slightly beyond the focus depending
on the strength of the gradient defined by the NA of the objective.

2.2 Position Detection

The electric field on a detector (Figure 1) can be derived by assuming Gaussian
intensity profile for the laser beam. A trapped bead in the focal plane (T, = Xi +Yj ) can
be treated as a Rayleigh scatterer induced by the laser. The unscattered field from the



laser E(F) and the scattered field from the bead E'(r') produce an interference field on
the detector. The change in intensity is

&:ff%E+EF4aﬁzagRqEEw, (3)

where |E'|2 can be neglected, because the field at the detector from the bead is small

compared to the unscattered field[15]. Integrating over the relevant detector area gives
the signal from the detector. For example in the x-direction

é] /2 Hmax
Ix=r2jd¢jd0ﬁn9&. (4)
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fQCQS
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Figure 1. Laser polarizes the trapped bead and the interference between scattered field and the
field that passes straight through (unscattered field) gives the detection signal (interference field).

The overall intensity on the one half of the detector is I,, = %+é]x. The voltage

signal from a position sensitive detector (PSD) is proportional to the relative intensities
in the detector area[19]

v |H—h,_}é+ﬂx—@é—ﬂﬂ .

SR VO (VO Ry

So, the voltage signals depend on the trapped bead’s displacement (X, y) as[15]

Vv, X X2 4+ yz
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where W is the focal beam width. The theoretical voltage signals for different bead
positions are plotted in Figure 2 using a beam width of 0.415 pm.
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Figure 2. Voltage signals from the PSD from eq. 6.

2.3 Steering

An acousto-optic deflector (AOD) is used to steer the laser beam. Acoustic waves
propagating through a crystal create a periodic change in the index of refraction. These
act like a moving phase grating and diffract light that is passing through the crystal. In
isotropic media when the momentum mismatch between the acoustic wave and the light
wave is zero, light is only diffracted to the first maximum. This is true when the

incoming beam is in the Bragg-angle 6,

M aop
2V

where A is the wavelength of the light in the crystal, f,,, is the acoustic frequency and

: (7)

sinfg =

V is the acoustic phase velocity. The diffracted beam is deflected an angle 26, from
the incident beam[20] as shown in Figure 3.
Acoustic wave

’iOSe s
L b@c:rm 4 1" order

6,

]

2%0,

Te02 —» 0"order
v
Transducer

RF-signal

Figure 3. Laser beam (red) deflected inside the crystal. If the incoming angle () relative to the
acoustic wave equals the Bragg angle, only a 1* order maximum results.



The intensity of the diffracted light depends on the acoustic wave power and the
material parameters of the AOD crystal[21]. Equation 7 defines the Bragg angle where
only one diffracted beam is created. When steering the trap the acoustic frequency is
changed. This alters the Bragg angle and affects the diffracted light intensity. The
acoustic bandwidth, defined as the frequency range where the drop in the diffracted
light intensity is less than 3 dB, can be widened using a birefringent material[21].

In the small angle approximation the AOD deflection angle is linearly proportional to
the driving frequency (Eq.7). Trap position X is then proportional to the driving

trap

frequency

Xirap = & Fpop - (8)

The acoustic bandwidth of the AOD used in this work is 20 MHz. This corresponds to
32 mrad beam deflection. In the optical path after the AODs there is a 3x beam
expander and an objective with a focal length of 2 mm. These components generate a
theoretical value of «

. 32-107 2mm

a=""—""_Z " —1.066m/MHz.
20MHz 3 ol

The correspondence between the deflection and the trap focus movement is shown in

Figure 4 using the ray-transfer matrix method[18] for geometrical optics ray-tracing.
@

o P
U 12 13 14 d‘:;\é) doé‘

— 10.7 um

4 r4 >

Figure 4. Beam deflection in the AOD translates the focus in the sample plane. Three beams are
shown; one going straight ( f,op =35 MHz, black), one with 0.016 mrad deflection angle
( faop =45 MHz, green) and one with -0.016 mrad deflection angle ( f,,, =25 MHz, blue).

After the telescopes (L1, L2 and L3, L4) and the objective these beam movements laterally displace
(x 10.7 um) the focus in the sample plane.

2.4 Calibration

Methods to calibrate the optical tweezers are introduced next. First the proportionality
between the AOD frequency and the position is explained. Then the relationship
between PSD voltages and bead position is elucidated.

2.4.1 Particle tracking

The proportionality constant between the AOD driving frequency and the trap position
is determined by first calibrating the video image and then measuring the positions of a
trapped bead from the video screen.

To get the bead position the image of the bead is first filtered with a boxcar average to
get rid of the background. Then the noise in the image is suppressed by convolving the

10



image with a Gaussian surface. Both operations are handled with a single convolution
kernel[22]

_i2+j?
K, =" |le -1 | ©)
K,| B Qw, +1)
2 7?
KO :l ze 2/1% - B 2
B[ & 2w, 1 1)

E

B= Zefm ,

where i and ] are the pixel indices, w, is an integer larger than the apparent bead

radius in pixels and A, is the half width of the Gaussian surface, -usually set to unity.

From the filtered image the locally brightest pixel at (X,y) is found. This position is
then used to find the geometric center (X,,Y,)

(X Yo) =(X+&,,y+¢,), (10)

&) 1 AV
o s

y +j2<w,?

my= > AX+i,y+]),
i24j2<wy?
where A is the image and the summations are done for pixels closer than w, pixels
away from the brightest pixel (X,y). Now, using the bead center (X,,Y,) as the trap

position, the proportionality between the trap position and the AOD frequency can be
resolved.

2.4.2 Surface fit for the PSD signal

Theoretically the functional dependence of the detector signal on bead position is
derived in Eq.6. However, for position detector calibration, a function must be fitted to
the PSD voltages to get the bead displacement relative to the detection beam

Xpead = Zbijv)i(VYj . (11)
i,j=0
Depending on the required accuracy the value of n can be chosen. Equation 11 is fitted
to a small region around the detection laser focus where the inverse of Eq.6 is single-
valued.
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2.5 Trapped bead in a position clamp

For micron sized objects the Reynold’s number is typically small'. Additionally the
bead inertia can be neglected. Then the Langevin equation describes the trapped bead
motion in a harmonic potential

B X(®) +K(X() = Xy () = Fr (1) (12)

where f = 6zna is the Stokes friction factor with 7 as the dynamic fluid viscosity and
a the bead radius. F; (t) is the Brownian thermal force, K is the spring constant of the

trap and X and x,,, are the position of the bead and the trap, respectively. If the trap

trap
position is constant and set to zero the classical Lorentz-spectrum is obtained for spatial
frequencies of the bead displacement([1, 2, 23]

PPN D
KO = ey (13)

kg T

where f. =k(27z8)”" is the corner frequency and D = is the diffusion constant

from Einstein’s equation. A time-series of the thermal motion of the bead can be
measured, and the power-spectrum calculated. Fitting Eq.13 to the power-spectrum and
determining f. determines the trap stiffness.

Instead of setting x,,, to zero, feedback control can be used. The simplest controlling

trap
algorithm 1i.e. proportional feedback control is selected. The bead position at some
previous time t—7 then defines the trap position at time t X, (1) = K p(xSet - X(t- r)),

where K is the feedback gain and X, is the set-point of the loop (Figure 5).

set

xlrap = K[L( XoemX )

s
b2s

Figure 5. Position clamp feedback control. The set point (Xs) is subtracted from the current bead
position (x). The result is multiplied by the gain factor (K,) and used to steer the trap (Xerap)-

Using the trap position in Eq.12 and fixing the set point to zero gives

B X0 +k(x(®) + K, x(t-7))=F (1) (14)

'The Reynolds number for a typical bead of radius a=0.5 pm and velocity V=1 mm/s with viscosity and

va _
density of water as 1=0.001 Pa-s and p=1000 kg/m” respectively is Re = Yap _ 5-107.

n

12



Fourier transforming Eq.14 gives
i2zzfﬂ7(f)+k¥(f)+kaexp(—iZﬂfr)Y(f):I§T(f). (15)

Solving this for X gives the power spectrum of a trapped bead with proportional
feedback control

Fonf
1274+ KK, exp(-i27f7) + k|

X(F)|" = (16)

~ 2
The power spectrum for the thermal force is a constant ‘FT (f )‘ =4k,TS (white noise),

where K is the Boltzmann’s constant and T is the temperature. The power spectrum is
then

S(fy=[x(H)[ = 4D

. (17)
‘iZﬂf +; K, exp(—i2izfr)+;

This is similar to the equation presented by Gosse et. al[24] for feedback controlled
magnetic tweezers, but their system had zero stiffness without active control.

There are two corrections to this theory. First, the position detector system is usually a
low-pass filter that modifies the expected power spectrum[23, 25, 26]

(filtered) ) _ (diode) \ 2
S (f) =(a(d|ode))2+ 1 (0{ )

S(f) oY
1+ f3(ddBi0de)

where (") and f.5°* are parameters defining the detector which can be used in

C(diode)(f) = , (18)

fitting. Second, aliasing in the data-acquisition system can be taken into account by
summing over the aliased frequencies[23]

o0

S (aliased) ( f ) — z S (filtered) ( f + nfsample) , (19)
where f, . is the sampling frequency. Combining Eqs.17, 18 and 19 gives
> 4D C™®)(f 4 nf
S(fy=>). ( sanple) —. (20)

N=—0o0

i27(f +nf

sample

k . k
)+ E K, exp(-i27( f+ nfsamp,e)z') + E

This is the expected power spectral density which will be fit to the experimental data.

The proportional control reduces the mean-square fluctuations of the bead. An effective
trap stiffness k., can be defined using the equipartition theorem[24]

<x? >=j3(f)df =T(BT. (21)
0 eff

Eq.20 can be integrated numerically to get the resulting mean-square of the position.

13



3 Materials and methods

3.1 Optics

Our steerable optical tweezers are built around an inverted microscope (Nikon Eclipse
TE2000-U), Figure 6. Trapping is done with a continuous wave laser (Coherent
Compass 4000, wavelength 1064 nm) whose output power can be controlled up to 4 W.
At the output of the laser is a collimating telescope (L5, L6). The laser is isolated with a
Faraday isolator (ISO1, Linos, FI-1060-5SI) to restrict beam reflections from re-
entering the laser. Subsequently the beam is expanded three-fold with a 1:3 telescope
(L1, L2) to overfill the objective aperture. The mid-point of the two AODs is imaged
onto the back-aperture of the objective with a 1:1 telescope lens system (L3, L4). A
100x objective (Nikon, Plan Fluor) with 1.3 numerical aperture is used.

To detect the movements of a trapped bead using back-focal-plane interferometry
(Section 2.2) a detection laser (830 nm FTEC-0830-P20-P-FQ, Blue Sky Research) is
employed. A Faraday isolator (ISO2, DLI-1, Linos) prevents optical feedback. The
beam from the detection laser is combined with the trapping beam using a dichroic
mirror (D1) (SWP-45-RU1064-TU850-PW-2025-C, CVI Laser, Appendix A). On the
condenser side the back-focal plane is imaged onto a position sensitive detector (S2-
0171, Sitek). Signals from the detectors are amplified with instrumentation amplifiers
(INA111, Appendix B). A laser-line bandpass filter (F1, FL830-10, Thorlabs, Appendix
A) transmits only 830 nm light and prevents trapping light from reaching the detector. A
broadband dielectric mirror (D3, BB2-E03, Thorlabs, Appendix A) transmits visible
light but deflects trapping light towards the detector.

Trapping and detection beams are directed to the sample space with a dichroic mirror
(D2, 780dcspxr, Chroma, Appendix A) so that the image of the experiment can be
viewed with a CCD camera (Panasonic CCTV Camera, WV-BP100/G) connected to the
front-port of the microscope. A mercury arc-lamp (Nikon) provides illumination for the
camera. Filters that block NIR-wavelengths (F2, KG1 and KG3 glass, Schott Optik,
Appendix A) are used in front of the CCD to totally or partially block trapping/detection
beams from reaching the camera.

14
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Figure 6. Overview of the optical tweezers instrument. See text for explanations. Components:
trapping laser (1064), detection laser (830), optical isolator (1SO), lens (L), mirror (M), dichroic
mirror (D), shutter (SH), piezo stage (PZT), objective (OBJ), condenser (CON), filter (F), position
sensitive detector (PSD), field-programmable gate array (FPGA) and direct digital synthesizers
(DDS)

3.2 Acousto Optic Deflector (AOD)

Steering is accomplished with two AODs (45035-3-6.5deg-1.06-xy, NEOS-
Technologies) mounted at right angles to each other. They allow steering in both x
and y direction. The AODs used in this work are made of paratellurite (TeO, ). This
birefringent material makes the acoustic bandwidth larger than in the isotropic
case[21]. A piezo-electric LINDO, transducer emits a slow shear wave’[27] into the

crystal (3x3 mm aperture). The speed of sound in the crystal is 660 m/s which implies

3
a maximum update time of ﬁ =4.5 us . The acoustic wave is launched 6.5°
.66 mm/us

off the <110> direction. This makes the deflection efficiency flat over the entire
acoustic bandwidth[28] (See section 4.1, AOD diffraction efficiency). Mounting of
the AODs is shown in Figure 7. The AODs are controlled with direct digital
synthesizers (DDS) which generate the required RF-signal.

* In a shear wave the displacement of the medium is perpendicular to the direction of propagation. In the
<110> direction (in TeO,) shear wave velocity is 5 times slower than in the <100> direction.



Figure 7. Mounting of the AOD crystals. Note the knobs which are used to rotate the crystals so
that the incoming beam hits the crystal at Bragg angle. (Image from NEOS technologies product
manual[29])

3.3 Direct digital synthesizer (DDS)

To control the AODs direct digital frequency synthesizers (64010-20022AMDEFS, Neos
Technologies) are used. Direct digital synthesis means that inside the DDS there is a
look-up table (LUT) where the desired waveform is stored in digitized form. In this case
the waveform is a sine wave. The synthesizer cycles through the points stored in the
table outputting them to a digital-to-analog converter (DAC) -generating the output
radio frequency (RF) signal. The output frequency is controlled with a 30-bit digital
input word. The points stored in the LUT can be seen as points on a unit circle. The
control word defines the phase change on the unit circle between two adjacent values
sampled by the DAC. In other words, the more values gone through by the DAC the
slower the output frequency. The DAC samples values at the internal clock frequency
(1 GHz for our device).

Our DDS can supply RF output up to 2 W of continuous wave power across a 10 MHz
to 200 MHz band with an internal clock frequency of 1 GHz. Because the AOD is used
at frequencies between 25 and 45 MHz, the bandwidth of the DDS suffices. The
frequency settling time is less than 40 pulses i.e. at 1 GHz, 40 ns. The output frequency
is calculated from the input control word as

K
faoo = fo 2—3‘? (22)

where f,., is the output frequency from the DDS input to the AODs, f, is the internal
clock frequency (1 GHz) and K,, is the 30-bit control word in decimal notation. Hence

the smallest step that the DDS can take is 0.5 Hz. This corresponds to 1 pm movement
of the laser focus in the sample plane. The full range of the laser focus movement
corresponds to 25-45 MHz, and equals 21 um in the sample plane (see Figure 4). The
amplitude of the RF-signal is determined by an analog voltage input (0-1 V) to the
DDS.
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3.4 Field-programmable gate array (FPGA)

The 30-bit digital input words (pin outs in Appendix C) to the DDSs are created with a
FPGA-card (PCI-7833R, National Instruments, 40 MHz clock rate) with 3 million
reprogrammable gates. Using an FPGA it is possible to implement many kinds of
steering algorithms (e.g. multiple traps and feedback control) without changing the
hardware.

The position signals from the PSD are analog voltages and therefore the FPGA-card
features eight analog input channels. The AD conversion is done with a successive
approximation’[30] circuit at 16-bit resolution. The maximum sampling rate is 200 kS/s,
of a+10 V input signal.

The FPGA board features eight analog output channels which use single ended output”.
These 16-bit-resolution channels allow a maximum update rate of 1 MS/s. The
amplitude modulation of the RF-signal is done through these channels. This limits the
update rate of the DDS’s amplitude modulation to 1 MHz along with the buffer
amplifiers (section 3.5) bandwidth (Appendix E). The FPGA hardware overview
(Figure 8) also shows the 96 reconfigurable digital input/output gates.
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Figure 8. Overview of the FPGA card (PCI-7833R, National Instruments) hardware. There are 96
reconfigurable digital input/output channels, 8 independent AD converters and 8 independent DA
converters (image from National Instruments User Manual[31]).

* In successive approximation conversion (SAC) a comparison between the analog voltage and the digital
converted result is done by going through all the bits one by one, starting from the MSB. Each bit is set to
zero if the digital value is over the analog voltage, otherwise the bit is set to one. With SAC the
conversion time is constant.

* Single ended signaling means that all the outputs are connected to common ground reference.
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3.5 Electronics

A power source was built for the DDSs. Each DDS requires a -5.2 V source capable of
two amperes output current and one 24 V source (1 A output current). For 24 V a
commercial voltage source was used. To produce the -5.2 volts first the voltage from a
wall outlet (50 Hz, 230 VAC) was transformed to 9 VAC. After the transformation the
voltage was rectified with a rectifying bridge and filtered with four 4700 pF electrolyte
capacitors in parallel. The filtered signal was then regulated to -5.2 V with a negative
voltage regulator (LM723), and to ascertain that enough current can be produced the
regulator was accompanied by a power transistor (BDX66B). Because of the high
currents in the transistor, a heat sink was mounted on top of the transistor. See
Appendix B for the schematics and the circuit board for a negative voltage regulator
from the LM723.

The DDSs also need an analog modulation voltage between zero and one volt to define
the amplitude of the output RF-signal. The input impedance of the analog input on the
DDS is 50 Q, requiring 20 mA current sourcing capability from the driving analog
voltage. Because the FPGA card can produce voltages between £10 V but only 2.5 mA
of current, an operational amplifier circuit was used to match the voltage range and
increase the current driving capability (schematics and circuit board are shown in
Appendix B). This buffer amplifier allows the use of the full precision of the FPGA
card’s DA converters and it also corrects the impedance mismatch between the FPGA
(1.25 Q output impedance) and the DDS (needs 20 mA of current with 1V, i.e.
impedance of 50 Q).

The DDSs, power supplies, and buffer amplifiers were housed in the same box together
with a 120 mm fan (the synthesizers require cooling). A schematic diagram of this DDS
box is shown in Appendix B. Image of the box is shown in Appendix D.

3.6 LabVIEW™ programming

The FPGA card is programmed using LabVIEW™ 8.5 and the LabVIEW FPGA
module. The LabVIEW code is compiled and downloaded to the FPGA-card. Using
LabVIEW no knowledge of VHDL[32] or low-level FPGA programming is needed.
Control of the virtual instrument (VI) downloaded to the FPGA can be done either by
directly controlling a target VI on the FPGA or by using a different host VI running on
the host operating system. The host VI allows the use of floating point algorithms
combined with the exact timing of the FPGA. On the FPGA one is limited to use only
integer numbers and arithmetics.

3.6.1 Program for time sharing

As an example of steering and quick control four time-shared traps were programmed.
Time sharing creates multiple traps out of only one laser beam[33]. When the visiting
frequency between individual traps is high enough each of the visited positions can be
used to trap beads. A LabVIEW program that implements time sharing on the FPGA-
card is shown in Figure 9.
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Figure 9. A Loop of four sequences. Each of them takes in two integers and outputs them to the
DDSs as 30-bit digital word. Individual positions are held for a preset time before moving to the
next trap.

3.6.2 Program for position clamp feedback control

The control algorithm for the position clamp was a simple proportional feedback
control. The program downloaded on the FPGA is shown in Figure 10. The position
signal from the PSD is a voltage that is digitized with 16 bit resolution (AIO). This is
subtracted from the desired position (V). The resulting 16 bit number is multiplied
with an integer (G) corresponding to the needed feedback gain. The result is then used
for steering (DIOPORTO-3). Both negative- and positive-gain feedback control is
possible using this program.

DIOPCORTO
DIOPORTL
DIOPORTZ
DIOPORTS

Figure 10. Feedback loop implemented on the FPGA-card using LabVIEW. The indefinitely
running loop reads the measured position signal (AlO, 16 bit), from which the set point (Vset) is
subtracted. This is then multiplied with a gain factor (G) and written out into the digital ports
(DIOPORTO-3) to be used in DDS to control the AOD and steer the laser beam. The control word
to the DDS is 30-bit so the two most significant bits aren’t used when the word is written to the
DDS. There are two of these loops to control both y- and x- axis.

3.6.3 Program for manual control

Before feedback control can be turned on the trapped bead must be moved into the
middle of the detection laser beam. For this purpose magnetic rotary encoders
(EM20B-40, Alps, Appendix E), that output quadrature signals, were used. The
quadrature signal is decoded with the FPGA-card and the resulting frequency control is
output to the DIO ports. The LabVIEW program is shown in Figure 11.
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Figure 11. Program to decode the quadrature signal from the magnetic encoders. The signal comes
in (D10O0-1) and defines the direction of the step in the frequency output.

3.7 Trapping experiment

A trapping chamber was made out of a microscope cover glass (0.17 mm thickness,
Corning) and a microscope slide (2 mm thickness, Menzel-Gléser). In a two-sided tape
(0.15 mm thick) a slit was cut and the glasses were stuck together to form a chamber.
On one of the glasses PEEK tubes (1/16 inch outer diameter, 0.25 mm inner diameter,
Upchurch Scientific) were connected from which the chamber could be filled (Figure
12). A mixture of water and 1 um silica microspheres (Sicastar 1 pm, Micromod) were
poured into the chamber in 1000:1 dilution. Trapping was started by opening the
trapping laser shutter and steering the laser beam close to a microsphere. From the video
image it was confirmed that only one bead was trapped. The bead was moved to the
center of the detection laser and data collection was started. Time series with different
feedback gains were then measured.

Sideview
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s I'". e // ’.rr‘ //
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\ L ~ ¥
\ \
b el § ey
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Figure 12. Sample chamber made out of microscope cover glass and microscope slide.

3.8 Data-analysis for the power spectra

To determine the power spectra of a bead’s thermal motion, the bead position was
measured. Using this data the power spectrum was calculated using the pwelch function
in Matlab® with number of windows n, =1. This power spectrum is then compressed

by blocking n, =150 consecutive data points. Blocking was done to make the

exponentially distributed power spectrum values Gaussian distributed[23]. Fitting was
then done to the blocked power spectrum S using Eq.20 (+10 aliasing terms are
considered) and minimizing the squared error[23]
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First the fitting was done for the data where there is no feedback control. From this fit

k . .
parameters D and — were inferred. Next, holding these parameters constant, a fit to

the data where the gain was highest was done. From this fit the delay parameter T was
inferred and subsequently held constant. Finally the rest of the data was fit to get all the
gain constants K . Confidence intervals for fitting parameters were inferred by

checking the y’min +1 values for each parameter[34].
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4 Results

First, the AOD deflection efficiency was measured. Second, trap steering and time
sharing was demonstrated. Third, the steering and position detection were calibrated.
Finally, the position-clamp, using real-time feedback control, was tested.

4.1 AOQOD diffraction efficiency

The AOD deflection efficiency is highest when the incoming beam is at the Bragg angle
(Eq. 7). However, this also sets the driving frequency f,,,. When the beam is steered

by changing the frequency also the Bragg angle changes and the deflection efficiency is
no longer optimal. The deflection efficiency was measured scanning through the whole
frequency band and measuring the laser power after the AODs with a laser power meter
(Ophir Optics Ltd.). The results are shown in Figure 13.

Since the trap stiffness is proportional to the laser intensity, any intensity variation due
to variable AOD diffraction efficiency causes a variable trap stiffness. For large trap
movements (Figure 13A and D) this effect must be corrected for. However, in typical
single-molecule experiments performed over short distances (1 um) the trap stiffness
variation is below 3 % (Figure 13C and F). This variation can usually be neglected,
since calibration errors are of the same size.
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Figure 13. Deflected laser power from the AODs, where the intensity drop due to the changed
driving frequency f,,, can be seen. Due to slight misalignment of the AOD crystals the maximum
diffraction efficiency is slightly displaced from the X/Y center frequency. The initial laser power
was set to 1.35 W. Left: measured power after the AODs for different X and Y frequencies. The
frequencies along each axis correspond to 11 um, 5 um and 1 um (A, B and C) trap movement in
the focal plane. The dashed lines in the left figures indicate intensity profiles shown on the right.
The calculated corresponding rms variation (in W) and peak-to-peak value (in %) are also shown.

4.2 Steering

Steering capabilities were tested by moving four time shared traps in a circle. In each
time-shared trap an individual 1 um bead was trapped. Figure 14 shows four images
with 0.2 s intervals. Individual traps are ‘on’ for 12.5 ps (500 periods at 40 MHz clock
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rate) and ‘off” for 37.5 ps (3x500 periods). The traps are then moved in a circle counter-
clockwise.

Pixels
Pixels

100 200 300 400 500
Pixels

Pixels
Pixels

100 200 300 400 500
Pixels

Figure 14. Four time shared traps moved counter-clockwise. Frames from A to D are taken with
0.2 s intervals. The full video is available at[35]

4.3 Calibrations

Results from the AOD position calibration and PSD calibration are presented. First the
pixels of the video image are calibrated with a micrometer ruler. Then the AODs are
calibrated by particle tracking and finally the position sensitive detector (PSD) is
calibrated.

4.3.1 Video Image

The pixels of the video image were calibrated with a 0.1 mm micrometer scale (S12-
Stage micrometer, Pyser-SGI) with 0.002 mm divisions. An image of this ruler is shown
in Figure 15. With a tube-lens magnification of 1.5 the correspondence between pixels
and distance in the focal (specimen) plane was 44.2+0.2 nm/pixel. Errors are estimated
visually from Figure 15.
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Figure 15. An image of the micrometer scale with 2 um divisions. Vertical lines (blue) added with
Matlab. From this image one can deduce the correspondence between the pixel index and distance
in the specimen plane. One pixel in the CCD-camera corresponds to 44.2 nm.

4.3.2 AOD calibration

After the CCD-camera was calibrated, a 1 pm trapped bead was scanned through the
range of the AOD. Pictures were taken after each AOD 1 MHz frequency step. One of
these video images is shown in Figure 16A. Digitization noise was removed by
convolving the image with a Gaussian surface (Figure 16A inset). Figure 16B shows all
the images after the convolution. Using the brightest pixel the geometric center of the
trapped bead was tracked from each image (Section 2.4.1).
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Figure 16. A) Video image of a 1 um trapped bead and magnified bead image after convolution
(Eq.9). From this image the geometric center (Eq.10) is deduced. B) All images after the
convolution (colors changed for imaging purposes). From this scan the correspondence between the
AOD frequency and trap position can be inferred. Black lines show where the points in Figure 17
are taken.

In Figure 17A the bead is moved in the X-direction and the resulting bead positions are
calculated in pixels. The correspondence between AOD frequency and the position was
established to be 23.21+£0.03 pixels/MHz, which means that the AOD position
calibration constant is «a =1.026+0.001 um/MHz (Eq.8). In Y-direction the
correspondence was 23.21+0.04 pixels/MHz, Figure 17B. Errors are fitting errors.

25



X Pixels
Y Pixels

20 32 34 3 38 4 2 3 3 338 40 42

XAOD frequency (MHz) Y AOD frequency (MHz)
Figure 17. The tracked particle positions in pixels as a function of AOD frequency. A) Scan along
the X-axis. The frequency in the Y-direction was kept constant at 35.5 MHz. B) Scan along the Y-
axis. The frequency in the X-direction was kept constant at 35.1 MHz.

4.3.3 PSD calibration

A 1 um bead trapped using 0.5 W laser power was moved in an 11x11 raster scan and at
each position 3018 voltage measurements were averaged (100 ms data collection at
50 kS/s and 1/5 of data at the beginning and at the end not used). Signals from the
detectors are shown as surface plots in Figure 18. Equation 11 (n=1) was fit to this
data to get the calibration parameters shown in Table 1.

Voltage X (V)
Voltage Y (V)

1 :
Y (um) ! X (um)

Figure 18. Voltage signals from the PSD. (A) shows the X-signal and (B) shows the Y-signal. X and
Y axes are the bead positions in um and the Z-axis shows the voltage signal in volts. In (A) the
signal is cut above 10 volts.

Figure 19 shows a contour plot of the measured voltages. Also shown is the region
where the fit was made. In this region there are 12 points.

Table 1. Parameters for Eq.11 resulting from a fit to the data shown in Figure 18
bgo (nm) b1 (nm/V) bio (nm/V) by (nm/Vz)
X ]-25.0£1.2 0.38+0.06 22.0+0.3 -0.33+0.05
Y ]23.6+1.3 -26.4+0.4 -0.09+0.04 0.10+0.04

The parameter b;(=22.0+0.3 nm/V gives the sensitivity for position detection along the
X-axis. The sensitivity for position detection along the Y-axis is by;=26.4+0.4 nm/V.
Using the parameters in Table 1, the RMS error between the fit and the data was 7.8 nm
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for X and 10.6 nm for Y. If the parameter n in Eq. 11 is increased to 2, the RMS errors
for X and Y are 7.3 nm and 3.7 nm respectively.

Y position (um)

X position (um)

Figure 19. Contour plot showing constant-voltage lines from a measurement using an 11x11 raster
scan. Solid colored lines show the X-axis voltage. Dashed colored lines show the Y-axis voltage.
Dashed black line shows the region where the fit was made to get the parameters of Table 1. In this
region there is a one to one correspondence between X and Y voltages and bead position. Inside this
region bead position can be tracked with nanometer resolution.

4.4 Position clamp feedback control

The control algorithm implemented on the FPGA-card was a simple proportional
feedback control. The position signal from the sensor is a voltage that is digitized with
16-bit resolution. After calibration a 1 V signal corresponds to 22.0 nm bead movement.
The resulting 16 bit number is multiplied with an integer corresponding to the feedback
gain. The result is then used for steering. The DDS modifies the 32 bit number to a RF-
signal where a 1 MHz change in frequency corresponds to a 1.026 um change in trap
position in the specimen plane. For example setting G=100 corresponds to a dimension-
less gain of (see Eq.14)
1 2° 1000

0 10100051026 = 7.1, (24)

K, =(

In Figure 20, using K =7.1, it can be seen that the trap position follows exactly the

motion of the bead, inverted and with ca 7-times bigger amplitude. The position of the
trap was calculated from the control word written into the DDS.
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Figure 20. Position of the trapped bead (left y-axis, blue +) and the corresponding position of the
trap (right y-axis, red x) as a function of time with K, =7.1. Data points are with 5 ps intervals

corresponding to 200 kS/s sampling frequency. This data verifies that the feedback control works
as designed, the trap position constantly following, inverted and 7-fold amplified, the bead position.

Feedback control was tested with two trapping laser powers (500 mW and 100 mW) for
five different gain settings (K =0, 7.1, 14.2, 21.3 and 28.4). A bead of 1 um diameter

=0, Figure 5). The feedback

was then turned on and the bead position was measured with different gain parameters
for 1.4 s with a trap laser power of 500 mW. When the power was 100 mW the data was
measured for 1.6 s. Both the position of the bead and the trap are shown in Figure 21.
The gains (G in Figure 10) were 0, 100, 200, 300 and 400. According to eq.24 these
correspond to K, gains of 0, 7.1, 14.2, 21.3 and 28.4. Trapping became unstable

was trapped and moved to the detection beam center ( X,

(Figure 25) with a trapping laser power of 100 mW and gains of K > 14, preventing

measurements of the time-series for K o = 21.3 and K o = 28.4.
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Figure 21. (A) Position of the trapped bead with five different gains 0, 7.1, 14.2, 21.3 and 28.4. The
laser power was 500 mW. (B) Position of the trapped bead with three different gains 0, 7.1 and 14.2.
The laser power was 100 mW. (C) Position of the trap corresponding to the data in part A. Colors
as in (A). (D) Position of the trap corresponding to the data in B Colors as in (B).

The power spectral density was then calculated as explained in section 3.8, and Eq.20
was fit to the power spectral density. The resulting parameter values are shown in
Appendix D. The power spectra and the resulting fits are shown in Figure 22 and Figure

23.
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Figure 22. Power spectra of the bead position and fits to data (Eq.20). Colors of the traces are the
same as in Figure 21. A bright noise spectrum (same measurement, but without a trapped bead) is

also shown (blue trace). Laser power was 500 mW. Data at Kp >0 clearly shows the reduced
power spectral density at frequencies up to 10 kHz.
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Figure 23. Power spectra of the bead position and fits to data (Eq.20). Colors of the traces are the
same as in Figure 21. A bright noise spectrum (same measurement, but without a trapped bead) is
also shown (blue trace). Laser power was 100 mW. In contrast to Figure 22 the power spectra at

K, =7.1and K, =14.2 remain roughly Lorentzian.
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The variance of the trap with different gains was calculated using Eq.21, cfr. Figure 22
and Figure 23. The variances are shown in Figure 24. When the feedback gain K, was

increased from 0 to 7.1 the effective stiffness increased to 7.2-fold (laser power
500 mW). For 100 mW laser power, when the gain K was raised to 14.2, the stiffness

became 12.1 times larger than without the gain.
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Figure 24. Variance <x*> as a function of proportional gain. Lines are calculated by numerical
integration using Eqgs.20 and 21 and the fitted parameters. Solid red line is with 500 mW laser
power whereas the dashed blue line is for the case where the power was 100 mW. Red circles and
blue triangles are calculated from the measured power spectra using Eq.21. Experimental data
agrees well with theory, and indicates that an optimal feedback gain exists where the variance is at
minimum (i.e. the effective trap stiffness is maximized).

If the gain is increased too much the trapping becomes unstable. Already when the laser
power was 500 mW and the gain K, was 28.4 there were sometimes spikes when the

trap jumped from one place to another. Data from this kind of unstable trapping is
shown in Figure 25.
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Figure 25. Position of the trapped bead as a function of time. Unstable trapping can be seen as large
random deviations in bead position. (A) Laser power 500 mW and K, =28.4. (B) Laser power

100 mW and Kp =21.3.



5 Discussion

Using optical tweezers in position clamp feedback control it was possible to decrease
the variation in position of 1 um silica microspheres by a factor of 12.1. The effective
stiffness was thus 12.1 times larger than without control (100 mW trap laser power). For
500 mW trap laser power the stiffness increased to 7.2-fold. In comparison to the result
of Simmons et. al [8] (400-fold decrease in position variance) these are much lower
values. However, their results have not been reproduced.

The data shows a resonance peak building up when the feedback gain is increased. The
theory shows that this is caused by the delays in the feedback loop. The fits to the data
gives a delay 7 of about 20 us (Table 5, Appendix D). The AD-conversion and the
AOD access time are the major sources of delay in the feedback loop. The analog signal
is digitized at 200 kS/s. This gives a 5 us delay. In steering there is also an AOD delay,
corresponding to the time that it takes for the sound wave to travel through the AOD
(about 5 ps). The calculations in the FPGA-card are done at a 40 MHz rate, so the
calculations of the control loop are done in a few hundred nanoseconds. The direct
digital synthesizer takes 40 ns to settle to a new frequency. These delays account for
about 10 ps, only half of the delay found by fitting to the data.

Fits to the data resulted in gain factors of K o= 10.27£0.05, 20.54+0.05, 25.59+0.03 and

24.46+0.02 for a laser power of 500 mW (Table 6, Appendix D). The actual gain factors
used were 7.1, 14.2, 21.3 and 28.4 (see Eq. 24). Thus the fit K, deviates from the used

K, factors found by calibration, but the increasing tendency of the fit parameters is
correct. Only for the last dataset (K ;=28.4) the fit resulted in a smaller fit gain, but in

this data set trapping became unstable. With 100 mW laser power the fit resulted in
gains of 7.144+0.10 and 11.08+0.13, which correspond roughly to the used gains of 7.1
and 14.2.

Optical trapping theory usually doesn’t take into account that the trap doesn’t stay
harmonic to infinity. When control is too violent and the trapping laser is moved too far
the bead doesn’t feel the trap anymore. This causes unstable trapping. Unstable trapping
may lead to increased variance with increasing gain. Another error source is the
detection laser. If there are disturbances in the detection laser the feedback would try to
compensate these errors. As a result the variance of the bead position would increase
but this wouldn’t be detected. This kind of behavior could be verified by using another
detection laser and a position detector which is not part of the feedback loop.

A small position variance means that position clamp feedback control can be used to
achieve better spatial control of trapped particles than without feedback control. The
position clamp is also useful when low trap laser powers must be used. Heating of the
solution become important for laser powers exceeding 100 mW [12]. When small
particles are trapped heating effects are even more important. Trapped gold
nanoparticles display a temperature increase of 20 K when the laser power is increased
by 100 mW[36]. Thus the developed real-time position clamp is useful when stiff
trapping of small ‘hard-to-trap’ particles is desired, but the maximum laser power must
be limited.

Force clamp mode, where feedback control keeps the force acting on a trapped particle
constant, is used when molecular motors are measured[37]. Motor properties should be
measured under constant load so as not to disturb the motor function. This kind of force
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clamp mode can easily be adapted to the instrument presented in this work. The high
degree of freedom in programming of the FPGA-card makes it possible to use different
controlling algorithms. A next step could be to introduce the rest (integral and derivative
parts) of a conventional Proportioanl Integral Derivative-controller.

6 Conclusion

An optical tweezers instrument capable of real-time position clamp feedback control
was constructed. Proportional control reduced the bead position variance. An effective
trap stiftness 12.1-times stronger than without feedback control was achieved.
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8 Appendix
A. Optical components

Dichroic mirror D1
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Appendix Fig. 1. Transmission for the dichroic mirror D1, (SWP-45-RU1064-TU850-
PW-2025-C, CVI Laser) which combines the trapping laser and the detection laser.
The trapping laser (1064 nm) is reflected and the detection laser (830 nm) passes
through.
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Appendix Fig. 2. Transmission of the bandpass filter F1 (FL830-10, Thorlabs), which
lets only the detection laser (830 nm) to reach the detector.
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Appendix Fig. 3. Reflection of broadband dielectric mirror D3, (BB2-E03, Thorlabs),
which allows the visible light to go though the sample chamber to the video camera, but
reflects the trapping laser (1064 nm) and the detection laser (830 nm).
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Appendix Fig. 4. Transmission spectrum of dichroic mirror D2 (780dcspxr, Chroma),
which reflects the trapping laser (1064 nm) and the detection laser (830 nm), but allows
the visible light to reach the video camera.
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Appendix Fig. 5. Transmittance for filter F2 (KG1) (can be exchanged with KG3,
Appendix Fig. 6), which partly blocks the detection laser (830 nm) and the trapping
laser (1064 nm), so that they can still be seen on the video screen. For wavelengths 850
and 1060 transmittances are 0.15 and 0.01, respectively.
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Appendix Fig. 6. Transmittance for F2 (KG3) (can be exchanged with KG1, Appendix
Fig. 5), which is used to totally block the trapping laser (1064 nm) and the detection
laser (830 nm) from the video camera. For wavelengths 850 and 1060 transmittances
are 0.04 and 0.0006, respectively.



B. Electronic circuits
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Appendix Fig. 8. Schematics for instrumentation amplifiers (INA111) used in PSDs.
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Appendix Fig. 9. Circuit board for PSDs. Topside, solderside and assembly drawing.
(5cm x5cm).
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Appendix Fig. 10. Schematics for the negative regulator LM723.

Appendix Fig. 11. Circuit board for negative voltage regulator (10 cm x 16 cm)
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Appendix Fig. 12. Schematics for the buffer amplifier. Voltages between 0 and 10 volts
are taken from the DA output of the FPGA-card, and produce a control voltage
between 0 and 1 V at the output.

Appendix Fig. 13. Printed circuit board for buffer amplifiers (5 cm x 16 cm)
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Appendix Fig. 14. Diagram of the power source and buffer amplifiers for the DDSs.
Power is drawn from a wall outlet, transformed, rectified and filtered with four
4700 uF capacitors before it is regulated to -5.2 volts. The figure also shows the cooling
fan, buffer amplifiers and the +24 V voltage source. In the DDSs there are also test
points (TP) where the RF output (attenuated by 20 dB) can be measured.
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C. FPGA pin-outs

Table 2. Pin out for the FPGA, a D-sub connector and a cable of 36 wires.

FPGA pin D-connector pin DDS Function Wire color (back/streak)
on DIO1- and DIO2- number
connectors
DIOO0 1 FSO brown/green
DIO2 2 FS2 white/yellow
DIO4 3 FS4 yellow/brown
DIO6 4 FS6 yellow/pink
DIOS8 5 FS8 white/green
DIOI10 6 FS10 green/black
DIOI12 7 FS12 brown/red
DIO14 8 FS14 yellow/black
DIO16 9 FS16 green/blue
DIO18 10 FS18 yellow/blue
DIO20 11 FS20 yellow/red
DIO22 12 FS22 green/brown
DIO24 13 FS24 yellow/gray
DIO26 14 FS26 pink/green
DIO28 15 FS28 white/gray
DIO39 16 Latch (active high) white (no streak)
DIO38 17 Master reset (active high) brown (no streak)
N/C 18 N/C pink (no streak)
DGND 19 Ground yellow (no streak)
DIO1 20 FS1 gray/pink
DIO3 21 FS3 white/pink
DIOS 22 FSS orange/blue
DIO7 23 FS7 pink/brown
DIO9 24 FS9 white/blue
DIO11 25 FS11 brown/blue
DIO13 26 FS13 gray/green
DIO15 27 FS15 brown/black
DIO17 28 FS17 white/black
DIO19 29 FS19 white/red
DIO21 30 FS21 gray/brown
DIO23 31 FS23 green (no streak)
DIO25 32 FS25 lilac (no streak)
DIO27 33 FS27 black (no streak)
DIO29 34 FS29 blue (no streak)
DIO37 35 Enable (pulled up) orange (no streak)
Disable = TTL low
N/C 36 N/C N/C
N/C 37 Analog modulation gray (no streak)

(optional)
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Table 3. All FPGA pin-outs for digital connector DIO. There is another connector with
same pins for the other DDS. Five digital lines are free.

PIN# | DIO function PIN# DIO function PIN# DIO function
68 DIO39 | Latch 12 DGND 1 DGND

34 DIO38 | Master reset 46 DIO11 | FSI11 35 DIOO FSO
67 DIO37 | Disable 13 DGND 2 DGND

33 DIO36 | free 47 DIOI12 | FS12 36 DIO1 FS1
66 DIO35 | free 14 DGND 3 DGND

32 DIO34 | free 48 DIO13 | FS13 37 DIO2 FS2
65 DIO33 | free 15 DGND 4 DGND

31 DIO32 | free 49 DIO14 | FS14 38 DIO3 FS3
64 DIO31 | (discarded) 16 DGND 5 DGND

30 DIO30 | (discarded) 50 DIO15 | FSI5 39 DIO4 FS4
63 DIO29 | FS29 17 DGND 6 DGND

29 DIO28 | FS28 51 DIO16 | FS16 40 DIOS FS5
62 DIO27 | FS27 18 DGND 7 DGND

28 +5V 52 DIO17 | FS17 41 DIO6 FS6
61 DIO26 | FS26 19 DGND 8 DGND

27 +5V 1 53 DIO18 | FS18 42 DIO7 FS7
60 DIO25 | FS25 20 DGND 9 DGND

26 DGND 54 DIO19 | FS19 43 DIOS FS8
59 DIO24 | FS24 21 DGND 10 DGND

25 DGND 55 DIO20 | FS20 44 DIO9 FS9
58 DIO23 | FS23 22 DGND 11 DGND

24 DGND 56 DIO21 | FS21 45 DIO10 | FS10
57 DIO22 | FS22

23 DGND
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Table 4. All FPGA pin-outs for analog connector MIO. There is one analog input, 6
analog outputs and 12 digital i/o lines free. (detector) indicates pins reserved for a
second PSD.

PIN# | MIO function PIN# MIO function PIN# MIO function
68 AIO+ detector X 12 DIO12 free 1 +5V

34 AlO- detector X 46 DIO13 free 35 +5V rotary cont
67 AIGNDO 13 DIO14 free 2 DGND rotary cont
33 AIGND1 47 DIOI15 free 36 DIOO rotary cont
66 All+ detector Y 14 AOGND7 3 DGND

32 All- detector Y 48 AO7 free 37 DIO1 rotary cont
65 Al2+ detector Z 15 AOGND6 4 DGND

31 Al2- detector Z 49 AO6 free 38 DIO2 rotary cont
64 AIGND2 16 AOGNDS5 5 DGND

30 AIGND3 50 AOS5 free 39 DIO3 rotary cont
63 Al3+ (detector) 17 AOGND4 6 DGND

29 Al3- (detector) 51 AO4 free 40 DIO4 free

62 A4+ (detector) 18 AOGND3 7 DGND

28 Al4- (detector) 52 AO3 free 41 DIOS free

61 AIGND4 19 AOGND2 8 DGND

27 AIGNDS 53 AO2 free 42 DIO6 free

60 AlS5+ (detector) 20 AOGNDI1 to buffer amp. | 9 DGND

26 AlS- (detector) 54 AOl to buffer amp. | 43 DIO7 free

59 Al6+ (detector) 21 AOGNDO to buffer amp.l | 10 DIO8 free

25 Al6- (detector) 55 AO0 to buffer amp. | 44 DIO9 free

58 AIGND6 22 NC 11 DIO10 free

24 AIGND7 56 AISENSE 45 DIOI11 free

57 AlT+ free

23 Al7- free




D. Parameters for the fits

Table 5. Parameters of Eq.20 that were fitted in to the data in Figure 22.

D (m%/s) K/ (1/s) T (us)
P=500 mW (6.25+0.03)-10°" 2500+40 19.297+0.013
P=100 mW (5.60+0.03)-10" 530420 21.1+0.3
Table 6. Feedback gain parameters of Eq. 20.
G 100 200 300 400
K,(500 mW) 10.27+0.05 | 20.54+0.05 | 25.59+0.03 | 24.46+0.02
K,(100 mW) 7.14+0.10 11.08+0.13
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E. Miscellaneous
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Appendix Fig. 15. Gain and phase change of the buffer amplifiers. The design gain was
-20 dB, to match the analog output (0-10 V) to the modulation input (0-1 V). The -23 dB
point is at 1.17 MHz. Since the DA output of the FPGA runs at 1 MS/s the bandwidth

of the amplifier is sufficient.
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Appendix Fig. 16. Image of the DDS box.
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Appendix Fig. 17. Magnetic rotary encoders and their signal.
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