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Abstract: Visualizing eigenmodes is crucial for understanding the dynamics of state-of-the-art micromechanical
devices. A method is established to map modes of mechanical structures optically. This fast and robust method,
based on parallel modified phase-lock loops outperformed three alternative approaches. The setup used is
discussed here in more detail, and the modal decomposition results are investigated further, including a study of
the orthogonality of the eigenmodes and the mixing of degenerate modes. Crosstalk, however, remained a
problem, especially for membranes with a small mechanical response. The issue is investigated using numerical
simulations of the phase-lock loop operation, which indicate that without crosstalk compensation, the mode maps
will be strongly distorted. To solve this, the phase-lock loop is equipped with crosstalk compensation and it is
shown that now also in the presence of strong crosstalk, where resonances and phase responses are distorted,
accurate maps are obtained.

Keywords: Optomechanics, Mode-mapping, MEMS, Phase-lock loop, Silicon-nitride, Membrane, Crosstalk.

1. Introduction

With the rapid developments in opto- and
electromechanical systems [1], efficient methods for
mode mapping are instrumental [2, 3]. A number of
techniques to visualize mechanical modes have been
developed, including optical interferometry [4, 5, 6],
heterodyne detection [7, 8], dark field imaging [9, 4],
and force microscopy [10-13]. However, most of these
have one or more drawbacks, such as poor sensitivity,
lack of phase information, low spatial resolution, or
long measurement times. We experimentally
demonstrated a method that combines the high

http://www.sensorsportal.com/HTML/DIGEST/P_3268.htm

sensitivity of the optical interferometric techniques
with demodulation and frequency tracking to offer
rapid and robust imaging of multiple modes
simultaneously [2]. This enables quantitative analysis
of the eigenmodes, which is further elaborated in
Sec. 2.1. Crosstalk, however, turns out to be
detrimental in this method, leading to unstable
operation of the phase-lock loop (PLL) and distorted
mode maps. Here, we demonstrate how this can be
compensated, and it is shown that the newly developed
mode visualization technique now even works in the
presence of severe crosstalk.


https://www.sensorsportal.com/

Sensors & Transducers, Vol. 258, Issue 4, July 2022, pp. 1-9

2. Efficient Mode M apping

The method can be used with a wide variety of
resonators and readout and excitation schemes; its use
is illustrated with interferometric measurements of the
local displacement of a square Si3N4 membrane that is
driven using a piezo. Photographs of the setup used to
perform the measurement are shown in Fig. 1; for a
schematic representation, see Ref. [2]. In short, by
focusing light of a HeNe laser with a 10x objective
onto the membrane, measuring the reflected light
enables sensitive displacement detection with a lateral
resolution of a few micrometers. The lowest flexural
modes are at a few MHz, and their quality factors are
~ 10°. From the observed frequencies, certain modes
can be identified unambiguously, but for degenerate
modes that is not possible, and their mode profile has
to be visualized.

The easiest method is to drive the mode resonantly
at fo and to record the response while scanning over the
membrane. However, especially for high-quality

resonators, drift of the frequency will result in
inaccurate mode maps [2]. A way to circumvent this is
to use a phase-lock loop (PLL) that adjusts the driving
frequency in order to keep the measured phase ¢g=27
at the set point @epoint, tracking fo. However, this
causes problems e.g. when crossing nodal lines. This
is solved by taking a modulo m of the error signal e;
and by only updating the frequency when the signal |Z]|
exceeds a threshold Zpmin:

ej = b — Psetpoint mod 7
Ja+1 fi+ Pen + 1377 € for |Z] > Zmin )

where P is the proportional coefficient, and 7 is the
integral coefficient of this Pl-controller. With this
improved PLL method, the modes can be mapped
accurately and efficiently. Fig. 2 shows measured
mode maps of the first 6 modes of the membrane, as
well as a triplet near 7.3 MHz (bottom) which looks
very complex, but are in fact superpositions of the
degenerate (1,7), (7,1) and (5,5) modes.

(a)

icroscope assembly

uum chamber

vacuum chamber

u(w; Xx,y)

Vmeas(w)
dpreﬂldu 1 R G =

= - x -

Fig. 1. (a) Photograph of the measurement setup (for clarity an early version of the setup is shown). Inside the gray box there
is a HeNe laser (Melles Griot 05-LHP-151), a neutral density filter, as well as a shutter to block the beam. The driven
measurements can be done using either the network analyzer shown (HP 4396A) or a lockin amplifier (Zurich Instruments
HF2, not shown). Det.: photo detector (Newport 818-BB-21). PBS: polarizing beam splitter, QWP: quarter wave plate (b)
Detailed view of the inside of the vacuum chamber with a mounted sample. The chip is glued onto a piezo element, which is
in turn installed on a printed circuit board. (c) Linear-system equivalent of the setup. The driving voltage Varive is converted
into a motion of the piezo electric element (4) that results in an inertial force F' on the membrane. The different eigenmodes,
labeled with m,n, convert this force into a displacement () using the response function of the harmonic oscillator (/). Using
the objective, the resulting displacement u is measured at location (x,y) via the change in reflected laser light (dPref/du). This
is converted to a voltage by the photo detector with responsivity R. The signal is amplified using a low-noise amplifier with
gain G. In addition to this direct pathway, there is also a crosstalk component present in the measured signal Vimeas, as
represented by X().
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Fig. 2. Top row: measured mode maps for the (1,1), (1,2)
and (2,1) mode of a 375x375um square SiN membrane.
Middle: (2,2), (3,1) and (1,3) modes. Bottom: superpositions
of the (1,7), (7,1) and (5,5) triplet modes.

2.1. Mode Decomposition

The accuracy of the method even allows
quantitative determination of the coefficients of the
different basis functions in the measured mode maps
[2]. In practice, this is done by taking the data of the
individual maps, and performing linear fitting using
the left matrix divide functionality of Matlab:

w = shapes \ map (2)

Here, w is the variable that contains the weights, map
is the column vector containing the measured mode
map, and shapes contain the theoretical mode maps as
columns. For an m x n map and N modes for the
decomposition, map is of size m-n X 1 and shapes is
m-n x N. The code in Eq. (2) immediately solves the
least-squares linear fitting problem for the N elements
of w. Since the actual magnitude of the weights is
often not that relevant, the obtained values are divided
by norm(w). Using the theory of this framework, it is
also possible to obtain an estimate for the uncertainty
in the fitted weights [14]. However, we find it easier
to use Matlab’s fit function for this; the uncertainty for
the decomposition is only 0.004 for all weights and
this allows for a number of tests. First of all, Fig. 3(a)
shows a bar plot of the weights of the different (m,n)
modes, i.e. “basis functions” &mn(x,y) = sin(mwmx/L)
sin(mny/L), where L is the size of the square membrane
in the three resonances of the triplet. It is clear that all
three eigenmodes are a mixture of all three basis
functions and that the sign of the weight can be either
positive or negative. This is not that surprising as the
eigenmodes of mechanical systems are orthogonal to
each other. This is clearly the case for the basis
functions, but it can now also be tested for the

measured mode shapes. After determining the weights
w for the three resonances, these can be combined into
a single matrix W = [Wict, Wmiddie» Wright] and then the
orthogonality of the modes is equivalent to having
W TW =1, where I is the 3 x 3 identity matrix.

Fig. 3(b) shows this product. It is clear that the
diagonal elements are by far the largest. Although
there are still non-zero off-diagonal elements, the
product W TW is indeed very close to I, confirming that
the three resonances are close to orthogonal,
something that is not at all trivial considering the
complex mode shapes shown in the bottom row of
Fig. 2. Future research will tell if this is also true when
taking the in-product directly using the measured
mode maps that is without first doing the modal
projection.

Weight W

In product w'w

(b)

Fig. 3. (a) Weights W of the mode decomposition of the
triplet (cf. bottom row of Fig. 2). The frequencies of the left,
middle and right resonance were 7.3114, 7.3143, and 7.3180
MHz, respectively [2]. (b) Test of the orthogonality of the
eigenmodes.

Looking back at the other modes in Fig. 2, shows
that, although they are clearly identifiable, there are
some small deviations from the expected mode shapes
visible in the degenerate modes (1,2) and (2,1) as well
as in (1,3) and (3,1). The question is, if these
deviations are caused by mixing between the
degenerate modes [15, 16]. Fig. 4 shows the results of
the modal decomposition. The curved nodal lines are
nicely reproduced in the fitted profiles. Looking at the
weights shows that, in all cases, the largest weight is
at the most prominent mode, but that for the
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degenerate modes, there is also a significant
contribution from its partner. Such an analysis is
important for the full understanding of, for example,
mode competition in optomechanically-induced self-
oscillating membranes [17].

Weight |W]|

Fig. 4. Reconstructed mode maps (top) after linear fitting the
measured mode maps of the degenerate (1,2), (2,1), (3,1) and
(1,3) modes from Fig. 2 at 2.304, 2.306, 3.258, and 3.259
MHz respectively. The magnitude of the weights of the
individual modes for the first six eigenmodes is shown in the
bottom panel. In this case, the fitting is done for the 9 basis
functions with m,n=1 .. 3.

3. Mode Mappingin the Presence
of Strong Crosstalk

The mode mapping method with the modified PLL
works well for resonances in the low MHz range.
However, when going to higher frequencies, e.g. by
using smaller and thus stiffer resonators, a new
challenge appears: the distortion of the resonances by
crosstalk. The crosstalk is, in addition to the wanted
mechanical excitation and transduction, a second
pathway from excitation to detection. This is indicated
by the orange line in the linear-system equivalent of
the setup shown in Fig. 1(c). In our setup the crosstalk
is electrical in nature. Although it does depend on
frequency, when studying a single narrow resonance
of the membrane, it can usually be considered constant

and hence, instead of X(w), its contribution is written
as X.

In the Appendix, the origin of the crosstalk will be
discussed in more detail, but it is clear that for a given
amount of crosstalk, its effect becomes more
pronounced when the mechanical signal is smaller.
This can be due to many reasons, for example, a
smaller membrane will have a higher spring constant;
the same applies for a membrane with a larger mass.
Also, the on-resonance mechanical signal is directly
proportional to the quality factor [1], so an increase in
dissipation will lead to smaller mechanical signals.
Likewise, a reduction due to a lower readout efficiency
(e.g. a film stack with less reflection), or a less
efficient excitation of a particular mode will have a
strong influence. Although hints of crosstalk were
already present in our original work on that employed
a large silicon nitride membrane with high quality
factors [2], here its implications are studied on a
different device: a smaller silicon nitride membrane
that is covered by a layer of aluminum nitride [18, 19].
This device has a higher spring constant and, thus,
higher fundamental resonance frequency and also
lower quality factors. All of these factors make the
impact of crosstalk much more severe. Still, such
“sandwich” devices are instrumental in studying the
mechanical properties of the AIN films [20].

Fig. 5 shows the driven response of this membrane
in which several peaks, corresponding to the different
out-of-plane vibrational modes, can be observed.

100 mEE T T T T T
J ———Laser on
— Laser off
107!
(1,3) & (3,1)
102 (1,2) & (2,1) '

Response (VIV)

2 3 4 5 6 7 8
Frequency (MHz)

Fig. 5. Driven response of a 100x100 um SiN membrane
with ~ 210 nm aluminum nitride on top (blue). The gray line
denotes the same measurement with the laser blocked,
showing the crosstalk. The other colored lines show zooms
that can be used to extract e.g. the exact resonance frequency
or quality factors of the flexural modes.

For reference, the same measurement is repeated
with the laser beam blocked (gray). In this case, there
is no mechanical signal and only the crosstalk - as well
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as a few interference peaks - is visible. The labels
indicate where the different modes are expected. From
their position, the fundamental, i.e. (1,1), mode and the
(2,2) mode can be identified unambiguously. The
other visible low-lying modes, i.e. (1,2) & (2,1) and
(1,3) & (3,1) of this square membrane are again
expected to be degenerate and, although individual
resonances are visible, their mode shape has to be
imaged to identify them (or to obtain their weights in
case of a linear combination). For this membrane, the
fundamental mode is located at fi; = 2.649 MHz,
whereas for the silicon-nitride-only device shown in
Fig. 2, this mode was at 1.460 MHz. This increase in
the fundamental resonance frequency means that now
the (2,2) mode is in the frequency range with the
largest crosstalk as visible in the overview of the
response shown in Fig. 5.

3.1. Resonances

Fig. 6 shows zooms of the driven response of the
(2,2) mode of the AIN-covered membrane. One curve
is measured with the network analyzer and the other
one with the lockin amplifier. Although both the phase
and amplitude response looks different, both show
Fano-like resonances [21]. Considering the linear
system equivalent of the measurement scheme as
illustrated in Fig. 1(c), the resonances are fitted using
the harmonic oscillator response functions with
crosstalk included [11, 22, 23]:

i woy hx
Z(w) = 31110(:[1(-’-m % + zx el (3)

wg — w? +iwy

From this, the mechanical and the crosstalk
contributions are determined as summarized in
Table 1.

Table 1. Values for the fit parameters for the data shown in
Fig. 6. The uncertainty is 95 % confidence interval as given
by MATLAB?s fit function.

Param. NWA L ockin
Zmech 0.499+0.003 0.455+0.003 mV/V
o 144.840.5 -21.8+0.5 deg.
zX 0.19974+0.0013 | 0.2178+0.0013 | mV/V
ox 132.7+0.4 125.4+0.4 deg.

The crosstalk zx is similar in magnitude as the
mechanical signal zmecn and the phase of the signal
depends on which measurement device is used. This
means that, although overview spectra, as e.g. in
Fig. 5, are most efficiently acquired using the network
analyzer, the parameters, such as setpoint and Zn;, for
the mode mapping, have to be determined from
measurements with the lockin amplifier. It is noted
that the lockin is expected to have a 2x lower signal as
the two devices are connected in parallel. The lockin
is set to high input impedance, whereas the network

analyzer always has a 50 Ohm input impedance. This
means that the load as seen by the low noise amplifier
is 50 Ohm [24], but this has the consequence that the
signal at the input of the lockin is reduced by a factor
two compared to the case where the NWA was not
connected.

180 |

90

£ (deg)

-90

Response (VIV)

-500 0 500
Detuning (Hz)

Fig. 6. Driven response of the (2, 2) mode measured with the
network analyzer (NWA, blue) and the lockin amplifier
(orange). The dashed lines are fits of Eq. (3) to the data; the
fit parameters are listed in Table 1.

3.2. Implicationsfor the PLL Operation

How exactly the crosstalk influences the PLL can
be studied by taking the measured properties of the
(2,2) mode (Table 1) and simulating what signal can
be expected, how the PLL reacts to this, and what the
resulting mode maps would look like. This is shown in
Fig. 7. The top panels show the regular case, where no
crosstalk is present. In this case, the phase at the
resonance frequency takes two values that differ by
exactly 180° or, equivalently, © rad. The modified PLL
of Eq. (1) thus always locks to the resonance
frequency for @seipoint = 0, and no frequency shift is
observed (middle), i.e., Af = 0. The resulting mode
map will then accurately represent the actual mode
profile. This is shown in the top right panel of Fig. 7.
The lower panels show that the situation is very
different when the crosstalk is considered. The phase
on resonance shows a smooth variation, taking any
value between 0 and -180°. This means that at many
points, the phase of the response at the resonance
frequency is not that of the setpoint. The PLL will thus
shift the driving frequency to accommodate this phase
error. The lower middle panel shows the smallest
possible Af. It is clear that there are going to be large
frequency shifts, exceeding the linewidth of the
resonance. Also, the gray color indicates regions
where there is no frequency for the PLL to lock to,
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meaning that the driving frequency will keep on
moving further and further from the resonance
frequency. Note that the PLL improvement of only
updating the frequency when the signal magnitude
exceeds a threshold Zmin [cf. Eq. (2)], does not really
solve this issue as zx can be of the same order as the
total signal Z, so that picking a suitable Znmi, is difficult.
Also note that due to the different phases between the
mechanical and the crosstalk contributions, |Z| can be

Phase on resonance

Phase (deg.)

PLL operation

smaller than zx, even when Znech # 0. For a large part
of the map, the PLL will not be able to lock close to
the resonance frequency. This means that also the
measured signal will be strongly affected. This is
shown in the lower right panel of Fig. 7. Although the
signature of the (2,2) can still be seen, it is clear that
the map does not accurately represent the actual mode
shape of the eigenmode. The presence of crosstalk is,
thus, detrimental for mode mapping.

Resulting mode map

o
Frequency shift (Afiw)
o
Real part

05 5

=]

With crosstalk
Phase (deg.)

N

o
@

Real part

1= =]
o
Frequency shift (Aflw)

Fig. 7. Simulated operation of the PLL and mode mapping using parameters estimated for the (2,2) mode. The top row shows
the expected signal without crosstalk, whereas the bottom row shows the same in the presence of crosstalk. The left panels are
the phase of the signal at the resonance frequency. The middle panels show how much the frequency would shift when
operating the modified PLL in units of the linewidth (full width of half maximum, FWHM) of the resonance. Gray indicates
that the PLL cannot lock and will drift to large frequency shifts |Af| > w. It is possible that there are no, or multiple frequencies
where the signal has the setpoint phase. In the latter case, it is assumed that the PLL finds the frequency where the frequency
shift is smallest. In practice the PLL may not find this value once it lost lock. The right panels show what the measured mode
map would look like. In all panels, the dashed line indicates the outline of the square membrane.

3.3. Crosstalk Compensation and Maps

The good match of the fits of Eq. (3) to the data in
Fig. 7 an d the correspondingly low uncertainty in the
fit parameters (Table 1) give a first hint on how to
solve the problem with crosstalk: If it is known well
enough, it can be compensated for: Eq. (3) shows that
the PLL should use £{Z - zx*"exp(ipx**")} instead of
27 directly. If the estimation of the crosstalk is
accurate, then
Z(w) — z}steid’(\fl X Zmech (T, )€™ Wory

W2 — 2 1 Gy
wh — w* + 1wy

(4)

which only contains the wanted mechanical part of the
signal with its characteristic harmonic oscillator
response, meaning that our modified PLL will operate
regularly, i.e. as in the top panels of Fig. 6. The
question is how well the crosstalk can be characterized

beforehand. To study this, driven responses were
acquired while scanning the sample underneath the
focused laser spot [6]. Please note, that this is a lengthy
procedure and is not advisable for high-resolution two-
dimensional mode maps [2]. A number of
representative traces, together with fits are shown in
Fig. 8(a). By fitting all traces, the evolution of the fit
parameters along the line scan can be determined. The
plot in Fig. 8(b) shows that the mechanical
contribution zmech faithfully follows the mode profile
(with some additional features due to the presence of
the etching holes. [2]). On the other hand, zx remains
almost constant, as expected from the discussion at the
beginning of Sec. 3. Next, the subtraction of the
estimated (i.e. fitted) crosstalk from the data, as
formalized by Eq. (4), is performed on the same three
traces that were shown in Fig. 8(a). Fig. 9 shows that
after this correction, the responses are now indeed the
expected harmonic oscillator responses (dashed lines)
and no longer show any sign of distorted Fano line
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shapes. Moreover, the phase of the gray curve is
shifted by exactly 180 deg. compared to the other two,
which is expected since Fig. 8(b) shows that that
measurement was taken at the other side of the nodal
line, where the mode profile changes sign. This shows
the validity of the crosstalk-compensation approach.
However, when taking a closer look at the results in
Fig. 8(b), one notices that the fitted crosstalk is not
entirely flat; some signatures of the mode shape (i.e.
+zmech) can be seen in that line trace (Note that the fit
uncertainty in both parameters is very small, see
Table 1). At the moment, it is not clear where this
comes from, but it is observed that:
1. The phase ¢x shows a similar “wiggle” as zx;
2. There is no apparent structure in the residuals
after the fit;
3. Fitting with a Duffing instead of a harmonic
oscillator response does not change the outcome;
4.  There is no y-dependence of the quality factor O,
nor of the phase a discernible;
5. The effect is also observed when using the NWA
instead of the lockin, but with an opposite sign.
This may be related to the difference in a
between the two measurement devices (see
Table 1).

Response (VIV)
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Fig. 8. (a) Measured frequency response (with the lockin) of
the (2,2) mode at three different locations with fits using
Eq. (3) (dashed lines). The circles indicate the phase
2Z(wo); (b) extracted values for the mechanical and
crosstalk contributions vs position on the membrane. The
locations of the traces of (a) are indicated by the triangles.

Future checks, including considering the dynamic
range of the different measurement devices and
influence of the non-flat frequency response of the
piezo shaker, will be done to solve this small riddle in
the outcome of the fits. However, it turns out that it is

not really necessary to first fit responses to obtain an
accurate estimate for the crosstalk. As explained
above, the crosstalk is electrical in nature and is also
present when no light is detected. Hence, in practice,
the signal is monitored for a while with the laser
blocked and the PLL turned off. The mean of this
signal is a good estimate for zx-exp(ipx) and with this
insight, the phase is locked successfully and mode
maps are acquired. The result for the (2,2) mode is
shown in  Fig.10. It should be noted that the
compensation of the crosstalk in the PLL is
independent of the data acquisition and it can be
decided afterward if this should be done, or not. First,
panel (a) displays a map of the reflected laser power
clearly showing the outline of the membrane with the
supported parts in blue (low reflection) and the
suspended part in red (high reflection). The etch holes
are visible as the yellow spots in a square 7x7 lattice.
Panel (b) shows the uncorrected mode map. The mode
shape is already clearly visible, but the crosstalk still
appears as a light blue background and the white nodal
lines are not forming the cross shape expected for the
(2,2) mode. After subtraction of the crosstalk, the
mode map in panel (c) is obtained. There, it is clearly
visible that now there are the expected straight nodal
lines (in white) and equal amplitudes of the anti-nodes.
Of course, since this measurement is done on a smaller
membrane  with a lower quality factor
(02 = 17547£18 corresponding to a FWHM of
312.3+0.3 Hz) compared to our earlier work [2], one
may think that no frequency shifts have happened
during its acquisition, but this is not the case. Fig.
10(d) shows the frequency shift that the PLL has
corrected. In this case, shifts of the order as the
FWHM of the resonance are observed, indicating that
even in this case it is necessary to do the mode
mapping while the PLL tracks the resonance
frequency.
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Fig. 9. Responses of Fig. 8 (a) after subtracting the fitted
crosstalk. The dashed lines are harmonic oscillator response
functions. The circles indicate the values at the resonance
frequency.
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Fig. 10. Measured map of the (2,2) mode with crosstalk compensation in the PLL. (a) Reflected laser power as detected using
the a Keithley 485 picoamp meter connected to the photo detector. Mode maps before (b) and after (c) crosstalk subtraction.
(d) Evolution of the driving frequency during the measurement as updated by the modified PLL with crosstalk subtracted.

5. Conclusions

A powerful method to visualize the eigenmodes of
mechanical resonators is demonstrated. It is shown
that with the modified PLL, modes with regions
without a strong response or with sign changes can be
mapped, and that this can be used to quantitatively
analyze the mode profiles. Here, we demonstrated this
with the decomposition of a triplet mode, the
orthogonality of these modes, as well as the mixing of
the (1,2) and (2,1) modes.

Especially for stiffer membranes, crosstalk
becomes apparent. With experimental parameters, the
operation of the PLL is simulated and it is shown that
crosstalk is detrimental for the operation of the mode
mapping method. By determining the crosstalk
accurately, its effect can be subtracted from the
measured signal, enabling again the operation of the
(modified) PLL. This means that now even in the
presence of strong crosstalk accurate mode maps can
be obtained.
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Appendix. Origin of the Crosstalk in the
Setup

Although it is thus possible to correct for the
crosstalk, both in the operation of the PLL, as well as
in the measured signal using the method presented in
this work, so far it has not been discussed what the
origin of the crosstalk is. To investigate this, the driven
response of the (2,2) mode is measured repeatedly at
the same location on the membrane, while
systematically changing certain aspects of the setup.
From the fits of the driven response, both the
magnitude (and phase) of the crosstalk and the
mechanical signal are determined. This way, it can be

studies how changes to the setup impact these
contributions. The results are listed in Table 2.

These indicate that, as expected, the mechanical
signal is proportional to the laser power and the total
gain. Hence, any attenuation will reduce its magnitude
and it vanishes when there is a blocking anywhere. For
the crosstalk the situation is more complex. Here, the
amount of light is (1-4) is irrelevant, but small changes
to the electrical connections in the setup that at first
may seem irrelevant (5, 6) change the amount of
crosstalk. The crosstalk does not originate in the lockin
itself (9) but is present in all other measurements. It is
amplified by the amplifier and thus affected by its gain
(8) or when its magnitude is reduced before the
amplifier (9). However, even when e.g. disconnecting
the cable to the piezo, there is still a significant amount
of crosstalk present. In this case, the pathway must
have gone via the combiner and the network analyzer.
However, even when the latter was disconnected (5),
crosstalk was not eliminated (actually an increase was
observed). All these measurements confirm that the
crosstalk is electrical in nature and hints that there are
several parallel pathways that cause the total crosstalk,
as was indicated by the dashed lines in the schematic
of setup in Fig. 1(c). The increase in crosstalk with
frequency that is visible in Fig. 5 (gray curve) is
consistent with both a capacitive and as well as an
inductive coupling.

Table 2. Measurements of the crosstalk and peak
mechanical contribution when varying the measurement
conditions and changing the measurement setup. The
symbols =, |, U, 0, and ~ indicate, respectively, that the
parameter did not vary compared to the regular
measurement, that is was lower, that is was more than an
order of magnitude lower, that it was 0, or different but
similar in magnitude. All measurements were taken with the
lockin amplifier.

No. Description ZX | Zmech
Regular measurement =

Reduce laser power =
Laser blocked =
Detector blocked =
Disconnect NWA

(replace by 50 Q terminator)
Disconnect pA meter
(replace by 50 Q terminator)
Disconnect photo detector
Amplifier off

(but still connected)

6 dB attenuation before amp
Disconnect lockin output
Disconnect cable to piezo
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Abstract: Bulk Dirac Semimetal (BDS) - a three-dimensional counterpart of graphene, prominently known for
its topologically protected linear dispersion energy bands embraces remarkable plasmonic responses at terahertz
(THz) frequencies, which can be well capitalized for its optoelectronic applications. Recently, we have
demonstrated the BDS based THz plasmonic applications such as surface plasmon polariton assisted microparticle
sensing, THz waveguiding with curved/bending geometries and all-optical THz logic gates. However, all of the
demonstrations were restricted with 2-D BDS geometries where height of the BDS was assumed to be infinity.
For practical applications, it is essential to consider the height dimension in device realization. In this work, we
demonstrate 3-D numerical modelling results of BDS based THz applications by considering height dimension of
the BDS in the design of curved waveguides, sub-wavelength waveguiding in tapered geometries and 3-D XOR
logic gate. We anticipate that the above findings manifest BDS as a potential candidate for opening new avenues
in the realization of THz optoelectronic devices.

Keywords: Bulk Dirac semimetal (BDS), Sub-wavelength waveguiding, THz logic gate, 3-Dimensional, Surface
plasmon polariton (SPP).

circuit in 3-D geometries is plasmonics [2]. Surface
Plasmon Polariton (SPP) are the quanta of quasi-
interaction between electromagnetic (e-m) wave and

1. Introduction

Photonic circuits having high operating speed

faces the challenge of critical low dimension sizes
whereas electronic circuits in nanometer scales have
very low operating speed. Therefore, achieving a
circuitry device with sub-diffraction dimension and
high operational speed is of prime importance. Hence,
an optoelectronic integrated circuit that provides
enhanced operational speed, low power consumption
and reduced interconnect delay in optical
communications is highly warranted [1]. One of the
key technologies to realize optoelectronic integrated

10

plasmons (collective excitations of electrons) at the
interface between plasmonic material and a dielectric
[3]. This light-matter interaction is best suited for
miniaturized photonic circuits due to its sub-
wavelength features [4, 5]. At optical frequencies,
bulk metals show negative dielectric permittivity and
they exhibit plasmonic response [6]. However,
extending conventional metals such as Au, Ag and Cu
to excite SPP in THz regime is a cumbersome task as
Lorentz-Drude model predicts a high value of

http://www.sensorsportal.com/HTML/DIGEST/P_3269.htm
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imaginary dielectric permittivity (e:) [7]. The
availability of natural materials with plasmonic
response is also limited in the THz range (0.1 THz -10
THz). It is to be mentioned that various different
techniques such as periodic metal gratings [8] and
artificial materials like metamaterials, graphene [9]
are also employed for THz plasmonic applications.

In the past few years, relativistic fermions were
found to be emerged as low-energy excitations in
materials known as Dirac semimetals [10]. Therefore,
researchers are exploring the option of employing bulk
Dirac semimetals (BDS) such as Cd3Asz [11], NasBi
and ZrTes for SPP interaction in the THz regime. In a
typical BDS, electronic states are extended in all three
dimensions and therefore one can expect 3-D Dirac
points (point at which valence and conduction bands
meets) instead of 1-D Dirac points as in the case of
graphene. Due to 3-D extension of dispersion in BDS,
carrier mobility in BDS is very high [12—15] and this
unique bandstructure constitutes BDS as a suitable
material for optoelectronic applications at THz
waveband [16-19].

In our previous study, we have reported how the
curved geometries of BDS sustain THz SPPs using
Kretschmann—Raether and Otto configurations [20].
Moreover, in our latest report we also demonstrated
the possibility of SPP waveguiding and all optical THz
logical gates with BDS [21]. However, BDS were
treated as 2-D geometries, in which height of the BDS
was taken to be infinity. For practical consideration,
one needs to take care of the height dimensions. In this
work, we have performed 3-D numerical simulation
with BDS for THz waveguiding in straight and curved
geometries so that reliability of the results is not only
validated, but also, we have attained a step towards
device prototypes for novel THz optoelectronic
applications. By exciting symmetrically coupled SPP
in multilayer BDS, two different 3-D tapered
geometries for sub-wavelength waveguiding are
demonstrated in this work. Furthermore, a simple Y
structured geometry for the functioning of THz
plasmonic gate (XOR) is illustrated with the idea of
integrating BDS with photonic circuits.

2. Bulk Dirac Semimetal

The Dirac semimetal is an unusual material in
which the nodes of the bulk electronic states are
protected against the gap formation by crystalline
symmetry leading to high carrier mobility and
dramatically reduced intrinsic Ohmic losses. We
observe that BDS is a promising candidate for THz
plasmonic applications in the regime (0.5 THz —
2 THz) by theoretically analyzing its dielectric
response. The dielectric response of a BDS is
io(w)
wE,
the permittivity of vacuum and conductivity o(w) is

Kubo

expressed as &, (w) =€, + where €, =13, ¢, 1s

obtained from formalism as

2
3 A

e 9, 3
o(w)=—
(@) ho6r’v it (w+it)

is the temperature, 7 =1.2 ps is the relaxation time,

where T =300 K

ky is the Boltzmann constant, v =0.9x10°ms™is
the Fermi velocity, g, =4 is the degeneracy factor and
U, =0.1€V is the chemical potential [22]. At lower

THz regime, intraband conductivity dominates and
thus contribute to the SPP formation, and hence the
interband conductivity has not been taken into account
in o(w) equation mentioned above.

One striking advantage of BDS is its tunability and
it is usually achieved by varying the Fermi energy that
can in turn alter the dielectric permittivity of BDS. To
what extent the Fermi energy can be varied at room
temperature (such that linear dispersion of energy
band still holds) is a question of experimental analysis.
However, under low temperature and long wavelength
limit, theoretically the Er can be varied from 0.03 eV
— 0.15 eV in order to maintain the linear dispersion
regime. Additionally, it is noteworthy to mention that
relaxation time of charge carriers in BDS also plays an
important role in the dielectric permittivity of BDS.
Fig. 1(a) shows the dielectric permittivity of BDS at
Er=0.1 eV for above mentioned parameters. Fig. 1(b)
is plotted for three varying Er as 0.06 eV, 0.10 eV and
0.14 eV. Fig. 1(c) emphasizes how the relaxation time
influences the dielectric permittivity of BDS when

7,=0.157 ps (experimental [23]) and
7,=1.2 ps. One can infer from Fig. 1(a) that BDS is

an excellent candidate for supporting SPP in 0.1 THz
— 2 THz regime because the imaginary part of & is

reference

considerably small. To comprehend it, as an example
one can witness from Table 1 and 2 how Fermi energy
and relaxation time manifest dielectric response of
BDS at f = 0.9 THz. This frequency is chosen for
demonstrative purposes. However, one can chose any
value from 0.1 — 2 THz.

All the numerical simulations performed in this work
are performed at Er=0.1 eV and 7,= 1.2 ps.

Tablel. Ervs € atf=0.9 THzand 7,=1.2 ps.

Fermi Energy Es &' e
(ev)
0.06 - 5552 81.83
0.10 - 1485 218.8
0.14 - 2880 4243

Table2. 7 vs & atf=0.9 THz and Er=0.1eV.

Relaxation Timez, (ps) g’ g "
0.157 [23] -657.9 755.7
1.2 -1477 219.6

11
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Fig. 1. a) Dielectric permittivity of BDS at Er= 0.1 eV and 7,= 1.2 ps; b) varying Erat 7,=1.2 ps;

c) varying 7 at Er=0.1eV.

3. THz SPP Waveguiding in 3-D Curved
BDS Geometry

One of the main limitations in guiding geometries
are the radiation leakages along sharp bends and
corners. Here we demonstrate how SPP in BDS can
overcome the issue of losses along corners and bends.
It is known that when the separation between two
adjacent BDS sheets is smaller than the skin depth,
SPP at each BDS boundaries can interact together to
form a coupled propagating (symmetric or anti-
symmetric) SPP mode. In our previous work [20, 21],
detailed analysis of THz SPP sustainment in single and
multilayer BDS curved geometries have been
examined. In order to deduce whether anti-symmetric
or symmetric mode SPP is most suitable for long range
waveguiding, eigen mode analysis were performed in
single and multilayer BDS geometries. It was found

that the real part of the wave vector (Re(f) ) of the

symmetric mode is higher than anti-symmetric mode
and this concluded why symmetrically coupled THz
SPP mode are preferred over anti-symmetric SPP
mode [21]. Here we extent our analysis to 3-D BDS
geometries. Firstly, BDS-Air-BDS multilayer with
optimized air gap (g) of 50 um between two BDS slabs
of height 850 pm and optimized thickness of 7 pm
(shown in Fig. 2(a)) is modelled with scattering
boundary conditions in all three directions and solved
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using COMSOL RF module [24] with boundary mode
analysis. The choice of BDS height after optimization
is taken as 850 pm with the aim that there is minimum
amount of transmission losses. Using industrial
chemical vapor deposition technique and 3-D laser
printing one can coat BDS over a large area substrate
and therefore the choice of 850 um height for BDS
sheet may be possible to realize in near future. The H,
field profile at 1.9 THz given in Fig. 2(b) shows the
sustainment of SPP mode in BDS parallel waveguide.
When a perturbation is introduced in the form of a
macrobend (radius of curvature is 500 um) as shown
in Fig. 2(c), SPP still sustained along the bend. At
f =1.9 THz, the S;; for straight and curved BDS is
93.67 % and 91.32 % respectively. For a curved
geometry with radius of curvature 500 pum, the
transmission loss is negligible (~0.0235 %) when
compared to straight geometry and the corresponding
H; field profile at 1.9 THz given in Fig. 2(d) ascertains
that symmetric SPP can evade bends efficiently
without much losses, as SPP is confined within the
BDS walls.

4. Sub-wavelength THz SPP Waveguiding

The control of electromagnetic wave at sub-
wavelength scale for channeling light in fibre-optics
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and surface-wave waveguides are of great interest
among researchers [25]. Our earlier work analysed
how tapered geometries in 2-D support symmetrically
coupled SPP mode within BDS walls where aperture

L A .
miniaturization of Ng were achieved [21]. Here we

extend the 2-D geometry in order to understand the cut
off dimension for the tapered geometry in which the
coupling from high aperture to low aperture is
controlled by gradually reducing the separation gap (Q)
between the BDS film. Fig. 3(a) shows a parallel BDS
waveguide with dimensions 50 umx300 um tapered
to a width of 80 um on both input and output. The
corresponding transmission plot in Fig. 3(b) shows
that the THz beam propagation is allowed in tapered
geometry with above 83% transmission efficiency for
the range of 0.85 THz - 2 THz. The inset in Fig. 3(b)
shows the H; field map at f = 1 THz exhibiting sub-
wavelength behavior. However, when the dimension
of BDS waveguide is reduced to 1 pm x300 pm with
the tapering geometry dimension of 80 pm as shown

in Fig. 3(c), all frequencies from 0.85 THz—2 THz are
completely forbidden which is evident from the Sy
plot (Fig. 3(d)) and H; field map at f =1 THz (inset of
Fig. 3(d)). This indicates that the tapered geometry has

Air

".500

I eos

a cut off at g =1 um . It is noteworthy to mention here
that the cut off characteristics has been studied with 2-
D BDS geometries. Because retrieving S»; parameter
for a large range of frequencies is cumbersome for 3-
D case. Nevertheless, we try to solve field map for a
particular frequency proficiently in 3-D geometry by
choosing a single frequency from the S,; plot of 2-D
geometry. Two different tapered 3-D geometries are
modelled for studying the sub-wavelength guiding of
BDS waveguide. In Fig. 4(a), an air-filled perfect
magnetic conducting (PMC, Ax H = 0) waveguide of
dimension 300 umx50 umx850 um is connected
with two tapered geometries with dimension of
350 pmx 80 pmx850 pm at both input and output
interfaces. As a support, SiO; substrate (&, =4.2) of
dimension 1020 umx 600 pm x50 pm is placed at the
bottom. In Fig. 4(b), H; field pattern at 1 THz shows
that PMC tapered waveguide does not allow beam to
pass through it. However, in case of parallel BDS
waveguide of same dimensions shown in Fig. 5(a),
THz beam propagation is allowed with 96 %
transmission at f = 1 THz. The field pattern given in

Fig. 5(b) at 1 THz reveals sub-wavelength guiding
behaviour of multilayer BDS system.

(b)
300
200

100

(-100
-200

-300

Fig. 2. BDS-Air-BDS configuration a) Straight 3-D geometry; b) Hz field map at 1.9 THz in straight geometry; ¢) Macro
bend 3-D geometry; d) Hz field map at 1.9 THz in macro bend 3-D geometry.

Apart from tapered geometry, we have also tested
whether any shape of BDS waveguide sustains SPP
confinement. For this purpose, an arch of radius
500 pm and 50 pm x 850 pm dimension is designed
with two tapered geometries with dimension
437 um x 80 um x 850 pum at both input and output
interfaces as shown in Fig. 6(a). To support the

configuration, SiO; substrate ( €, =4.2) of dimension
2010 pmx700 um x50 pum is placed at the bottom. In

order to see the response of arch geometry, initially Sy,
plot is obtained for 2-D geometry. As the arch
geometry is a semicircle of resonating nature, one
expects periodic dip in Sy; plot and it is evident from
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Fig. 5(b). From S;;, two frequencies are chosen such
that one frequency is allowed and other is prohibited
and these two specific frequencies are solved in 3-D
geometry. H; field pattern in Fig. 5(c) corresponds to
f = 0948 THz in which maximum transmission
efficiency of more than 85 % is observed and in

(a) I eos
Air
z %
20 80pm §§=50Em 80um
> 40
-500 -400 -300 -200 -100 O 100 200 300 400 500
X (um)
(c) I Bos
Air
— 40 Y
£0 o T e
> 40 y

500 -400 -300 -200 -100 0O
X (um)

100 200 300 400 500

Fig. 5(d) H; profile at 1.152 THz is given, where
transmission efficiency is observed to be less than
48%. Hence, from the above results it is clear that
coupled SPP modes can be guided for any tapered
geometry with good efficiency for larger bandwidth.

(b)
0.96
0.85
@ 07
0l f=1THz
' (11 F 5 71 I
i -3 N,
0‘5_ -0 -250 l‘?ﬂ!] %0 400 550 4
0.4 06 08 1 1.2 14 1.6 1.8 2
Frequency (THz)
(d)
04—
0.4f
0.3t
N
0
0.2
f=1THz
0.1} £4 |5
= 2% 0 2% 400 550
X (jen)

04 06 08 1 12 14 16 18 2
Frequency (THz)

Fig. 3. (a) 2-D geometry of tapered multilayered BDS waveguide of 50 um; (b) corresponding transmission plot and H: field
at 1 THz shown in the inset; (c) 2-D geometry of tapered multilayered BDS waveguide of 1um; (d) corresponding
transmission plot and Hz field at 1 THz is shown in the inset.

(@)

(b)

Z (pm)

Fig. 4. (a) 3-D geometry of air filled PMC waveguide; (b) H field map of 3-D geometry at 1 THz.

(b)

Fig. 5. (a) 3-D geometry of multilayer BDS waveguide; (b) H field map of 3-D geometry at 1 THz.
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(a)

0.95 1 1.1 1.15 12

-1000

Fig. 6. (a) 3-D geometry of multilayered BDS arch waveguide; (b) transmission plot obtained from 2-D arch geometry,
and (c) and (d) Hz field map at 0.948 and 1.152 THz for 3-D arch geometry.

5. Plasmonic Terahertz Logic Gates

Logic gates have potential applications especially
in the field of information processing because of its
high speed performance with minimum power
consumption. They serve as basic components of an
optical signal processing system and act as a bridge
between electrical and optical calculations [26].
Various research groups have achieved logic gates
using metamaterials [27] and photonic crystals [28].
One notable contribution was in developing sub-
wavelength ~ graphene-based  plasmonic  3-D
waveguide that performs THz AND/OR logic gate
[29]. In this section, the waveguiding feature (Fig. 2)
shown already in parallel BDS system with circuit
miniaturization can be extended to the realization of
logic gates as it is an essential component for the
empowerment of THz optoelectronics. Considering
the evading nature of symmetric mode SPP in macro
bend geometry, one can very well reach out its

(a)

Detection
Port

Il BDS

Air
I sio,

1000

application to logic gate. Fig. 7(a) shows the geometry
of XOR gate in the form of Y-structure whose input
arms are separated by 136 pm and the continuing arm
of length 600 um serves as an output. When symmetric
coupled SPP modes in each input arm are in phase
with each other, constructive interference occurs and
when they are 180° out of phase with each other,
destructive interference takes place which cancels out
the output signal in the detection port. To support the
Y configuration, SiO, substrate (& =4.2) of

dimension 1500 pum x 600 um x50 pm is placed at the
bottom. The norm of magnetic field strength (|H|)

patterns shown in Fig. 4(b), 4(c) and 4(d) demonstrate
XOR gate at frequency 1.192 THz. The output
transmission level less than 50 % can be marked as a
threshold for OFF state. Interestingly, the destructive
interference of coupled SPP modes corresponds to low
transmission level of 15.60 % at 1.192 THz. Table 3
shows the truth table for XOR gate at 1.192 THz.

(b)

1 s ™~
1

Fig. 7. (a) 3-D logic gate design formed by parallel BDS structure; (b) - (d) represent norm of H field patterns
for XOR gate at 1.192 THz.
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Table 3. Truth table for XOR gate.

Input Output (S21%)
A | B | XOR(1L192TH2)
0 0 0
1 0 62.90
0 1 62.91
1 1 15.60

6. Conclusions

To conclude, 3-D modelling of BDS multilayer
system in straight and bending geometries were
studied. By exploiting coupled SPP modes,
subwavelength THz waveguiding in two different
tapered geometries were illustrated. A 3D THz XOR
logic gate has been successfully demonstrated by
utilizing the interference nature of SPP. The above
reported 3D waveguide, logic gate and along with
the advent of operating room temperature BDS [24,
30], we believe that designing BDS based THz
optoelectronics devices will open new horizon on
chip scale circuitry levels.
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Abstract: In short-range communication 1 mm PMMA SI-POF established itself as a reasonable alternative to
the traditional data communication media such as glass fibers, copper cables and wireless systems. Due to multiple
advantages such as a large core diameter, tolerance to fiber facet damages and low installation costs, the SI-POF
is already applied in industrial automation, automotive industry and in-house/office networks. The commercial
systems with SI-POF use a single channel for data transmission. Utilization of several optical carriers for parallel
transmission of data channels over a single fiber, known as WDM, represents another alternative to increase the
capacity of SI-POF link. To experimentally demonstrate the feasibility and potential of a high-speed POF WDM
concept, a four-channel data transmission setup was realized. In addition, the record 14.77 Gb/s data rates
employing the offline-processed DMT modulation were demonstrated over 50 m SI-POF, respectively, at the
BER=10". Compared to the fastest single-wavelength systems, two times higher transmission capacity was
achieved

Keywords: Polymeric optical fibers, WDM transmission, WDM Multiplex, WDM Demultiplex, WDM over POF.

1. Introduction

Having its origin in the 1960’s as well as the silica
glass fiber, the polymer optical fiber (POF) stayed
long in the shadow of the huge development and
success of glass fiber communications. However, the
advances in POF technology and the growing need for
high-speed short-range communication networks
make POF nowadays gain more and more in
importance. The key advantage of POF is a large core
diameter. It makes POF tolerant to the fiber facet
damages and relaxes the alignment tolerances, thus
also reducing the installation costs.

Furthermore, POF is pliable, durable, and
inexpensive, offers small weight and short bend
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radius, allows easy installation, simple termination
and quick troubleshooting, and also provides the
immunity to electromagnetic interference. Due to its
diverse advantages, in short-range applications POF
established itself as a reasonable alternative to the
traditional data communication media such as glass
fibers, copper cables and wireless systems (see
Table 1).

Today, POF is produced with different core
materials, core diameters and index profiles. Two
major POF types are made of polymethyl methacrylate
(PMMA) and perfluorinated (PF) materials. The
parameters of the common PMMA and PF POFs are
specified in the IEC Standard 60793-2-40, which
defines eight different POF classes [1].
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Table 1. Comparison of different transmission media; Characteristics very bad (--) to very good (++).

Transmission medium Datarate Distance Safety Cost Handling Installation Total
Twisted pair cable + 0 0 ++ - 0 2+
Coaxial cable 0 0 0 + 0 0 1+
Glass fiber + + ++ - = - 1+
Polymer fiber 0 - ++ + - + 4+
Wireless - - -- b 4 Es 1+
Powerline - - e + + ++ 0

The PMMA POF is produced with both step-index
(SI) and graded-index (GI) profile, whereas the
PF POF offers only GI profile. The GI profile of the
core ensures high modal bandwidth exceeding
1.5 GHz x 100 m for the PMMA POF and 300 MHz x
1 km for the PF POF. However, the implementation of
the PMMA GI-POF is confined to 500-680 nm
wavelength range due to the high optical attenuation at
other wavelengths (> 400 dB/km). The PF GI-POF is
best suited for use in the infrared region, e.g. in the
first (850 nm) and the second (1300 nm) optical
window, where of-the-shelf components developed
for multimode glass fibers are available. In contrast,
the PMMA SI-POF suffers from intermodal dispersion
limiting the bandwidth-length product to around
50 MHz % 100 m (see [2]), but also provides several
attenuation windows in the visible spectrum
(400-700 nm). Due to its advantages over the other
POF types such as technological maturity, ease and
cost of production and high numerical aperture (NA),
the standard 1 mm PMMA SI-POF (POF class A4a.2
according to IEC 60793-2-40) is the best known and
by far the most widely employed type of POF. This is
also the fiber the paper concentrates on. Throughout
the work the terms SI-POF and POF will be equally
used to address this fiber type. A comprehensive
overview on various POFs is given in [3].

Three major application sectors of SI-POF data
communication technology are industrial automation,
automotive industry and in-house/office networks.

The commercial systems with SI-POF use a single
channel for data transmission. However, the data
carrying capacity of SI-POF is impaired by strong
inter-modal dispersion and high optical attenuation.
Over the last few years various concepts to overcome
the bandwidth limitation of SI-POF have been
successfully demonstrated, including optimization of
the optoelectronic components and implementation of
the digital signal processing techniques. The bus
systems such as Profibus (1.5 Mbit/s, 60 m) and
industrial Fast Ethernet (100 Mbit/s, 50 m) are typical
applications and since 2013 also the Gigabit Ethernet
transceivers (1 Gb/s) are available on the market
enabling the transmission of broadband services over
50 m SI-POF [4].

1.1. Capacity Extension by WDM Technology

The most frequently mentioned motivation for
POF WDM is to increase the transmission capacity of
SI-POF link compared to the single-wavelength
systems.

Complying with any of the hitherto developments,
utilization of several optical carriers for parallel
transmission of data channels over a single fiber
represents another alternative to increase the
transmission capacity of SI-POF. The technique is
well known as wavelength division multiplexing
(WDM). In glass fiber communications WDM has
been firmly established for more than two decades and
represents the key technology in modern high-capacity
optical networks with the distances ranging from
several thousand down to ~100 km [5], [6], [7].

™~ 7 M
u'n.\J (D) [ WDM .
MUX . DEMUX Fm
Ryt Ay Ay
—_— — .
7 \"x oy

Fig. 1. Principle of WDM: MUX — Multiplexer,
DEMUX — Demultiplexer.

The principle of WDM is shown in Fig. 1. Since
different wavelengths A;—Ax do not interfere with each
other in a linear medium, they can be used to
simultaneously carry the data signals over a single
fiber. Two components are essential for WDM, a
wavelength multiplexer and demultiplexer. The
multiplexer combines the signals at different
wavelengths, coming from different transmitters, onto
a single fiber. On the opposite side of the optical link
the demultiplexer performs an inverse function,
separating the wavelength channels to be detected by
separate receivers. Because of e.g. interchannel
crosstalk, the demultiplexer is more often considered
in fiber optics. Therefore, this thesis concentrates on
the demultiplexing function without loss of generality
for the multiplexing operation.
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The existing WDM components developed for
single-mode glass fibers in the infrared region, such as
Mach-Zehnder interferometers, arrayed waveguide
gratings or fiber Bragg gratings, cannot be reused for
a highly multimode SI-POF. On the other hand, the
operating principles of demultiplexers based on thin-
film interference filters and on a diffraction grating
can be applied for POF. In spite of some other
demultiplexing solutions (e.g. employing dispersion
prisms), these two demultiplexing techniques have
been recognized as the most promising for SI-POF.
However, because of the difference in the operating
wavelength range, fiber diameter, NA, etc. compared
to the glass fibers, such demultiplexers must be newly
designed for SI-POF communication. The paper
concentrates on the demultiplexing techniques
employing thin-film interference filters and a concave
diffraction grating.

In the early attempts, the LED-based POF systems
exploiting WDM technology could not provide
sufficient capacity [8], [9]. Only recently, supported
by the advance in the visible laser diode technology,
the record-breaking POF WDM transmission
experiments, including the work of the author, were
performed [10-12].

2. POF Multiplexer

As mentioned on Chapter 1.1, the multiplexer can
be realised in a simpler way than the demultiplexer.
The principal idea of a small device is shown in Fig. 2.
A FC/PC connector was used to combine 4 incoming
small POFs with diameters of 400 um in a plug and
couple this plug in a connector to a 980/1000 um SI-
POF. The NA of the incoming 400um POFs is the
same as the SI-POF of 0.5. Since the numerical
aperture of both fiber types is identical, the losses in
the connection from connector to connector are very
low.

Laser coupled
bundle legs

Multiplexing interface

Fig. 2 Principale of operation.

In addition, the fibers are butt-coupled at the end
face, so that losses due to reflection at air gaps are
avoided. The Performance of the device has measured
insertion losses between 3.3 dB — 5.5 dB. The losses
are based on launching coupling loss between the two
fiber types. Additionally, losses are coming from the
attenuation of bundle leg and from the multiplexing
interface.
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A photograph and the technical setup is shown in
Fig. 3. A FC/PC connector combines the two FC/PC
plugs with the different fiber types and a simple setup
of the optical multiplexer for POF was realised.

/ D,
g P
[ = b

Fig. 3. Practical realisation in a FC/PC connector.

3. For Channel Demultiplexer

The demultiplexer was realized with the
components from LINOS Microbench series and was
installed on a vibration suppressing optical table. The
principle of operation of a four-channel demultiplexer
with two-stage configuration is shown in shown in
Fig. 4. A 4-rod construction system supported with the
mounting holders was used to bring together the
Microbench mechanical components holding the
fibers and bulk optical elements. The ingoing and the
outgoing fibers, which were terminated with SMA
connectors, were mounted over SMA fiber adapters
into XYZ fine adjustment units. The units provided a
travel range of =1 mm in the x- and y-direction, and
when anchored to the 4-rod system allowed a travel of
5 mm along the optical axis (z-direction). The aspheric
lenses were mounted in XY precision translation
stages having a travel range of =1 mm along the x- and
y-direction. The collimating lens with 25 mm
mounting diameter was directly mounted in the stage,
whereas the focusing lenses with a smaller mounting
diameter were mounted over reduction inserts. In each
of the output ports the bandpass interference filter was
mounted in the XY precision translation stage in front
of the aspheric lens. The dichroic mirrors are glued to
an adjustable mirror insert was positioned within a
beam splitter cube over a rotation adjustment for cube
insert.

In Fig. 5 a photograph of the mechanical and optical
setup is depicted. The first stage of the demultiplexer,
represented by a dichroic mirror that follows directly
after the collimating lens, split the incident spectrum
into two spectral bands. The separation of the
individual wavelength channels was then performed
within the second stage of the demultiplexer.

Accordingly, the demultiplexer setup allowed very
precise positioning and alignment of the fiber end
faces, lenses and dichroic mirrors. The available
degrees of freedom can be summarized as follows:

e End faces of the ingoing and the outgoing
fibers: x-, y- and z-direction translation;

e Collimating and focusing lenses: x- and y-
direction translation;
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e Dichroic mirrors: rotation and tip/tilt (when
applied together tip and tilt result in translation
along the direction perpendicular to the
incoming optical axis).

To measure the transfer function of the
demultiplexer, a Yokogawa AQ4305 white light
source followed by a cylinder mode mixer according
to JIS 6863 provided a wide spectral range
(400-700 nm) to the input of the demultiplexer. The
spectral responses of the channels were recorded by a
Yokogawa AQ-6315A optical spectrum analyser.

Table 2. Basic parameters of four channel multiplexer.

Qutput port 1 2 3 4
Center wavelength [nm)] 4049 450.1 5283 6464
3 dB passband bandwidth [nm] 94 93 416 476
Minimum IL [dB] 566 455 347 3.9
IL uniformity [dB] 247
(Non)adjacent channel isolation [dB] >30

The corresponding transfer function is shown in
Fig. 6. The basic parameters of the demultiplexer are
given in Table 2. The measurement results for the four-
channel demultiplexer with two-stage configuration
were presented at the International Conference on
Plastic Optical Fibers (ICPOF) 2013 [13]. To comply
with all other measurements shown in this chapter,
which were performed two years thereafter, the
demultiplexer setup was assembled and characterized
again. While preserving the same principal behaviour
of the spectral response, the minimum IL in the output
ports 1 to 4 was 6.15 dB, 5.44 dB, 4.21 dB and
3.85 dB respectively. Those were by 0.49 dB, 0.89 dB,
0.74 dB and 0.66 dB higher values than those reported
in [14].

The device is well suited for implementation in
high-speed POF WDM transmission experiments.

Output
port 2

Output * !
I

=]\
Boe -/ Nle=

SI-POF

port port 4

Output
port 3

Fig. 4. Principle setup of a four-Channel Demultiplexer
with Interference Filters.

Fig. 5. Realisation of the 4 Channel Demultiplexer.

-10
-15
-20
=25

-30 4
-35

Transmittance [dB]

400 450 500 550 600 700
Wavelength [nm]

Fig. 6. Transmittance of the Demultiplexer.

4. Four-channel POF WDM
Transmission Experiments

The data transmission setup is shown in Fig. 7. It
comprised an Agilent N4903A bit error rate tester
(BERT), four butt-coupled edge-emitting laser diodes,
multiplexing POF coupler, 50/100 m SI-POF link,
interference-based POF  demultiplexer, optical
receivers and Agilent 86100B sampling oscilloscope.

To combine the optical signals (MUX) with
different wavelengths onto the SI-POF link, a
Comcore 4x1 fused POF coupler was used. For direct
launching with 405 nm (DL-5146-101S), 450 nm,
515 nm and 639 nm laser diodes, the IL between any
of four input (laser coupled) ports and the output port
was 8-9 dB.

The experimental setup for the measurements
employing the offline-processed DMT modulation
is shown in Fig. 7. It comprised the four-channel
Agilent M8190A AWG, four butt-coupled edge-
emitting laser diodes, four-legged multiplexing POF
bundle, SI-POF link of two different lengths (50,
100m), interference-based POF demultiplexer, optical
receivers, four-channel Agilent DSA91604A real-time
oscilloscope and computer with a software for offline
signal processing.

21



Sensors & Transducers, Vol. 258, Issue 4, July 2022, pp. 18-24
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AWG = N = Real-time

P TZ._ SI-POF = Oscilloscope
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Fig. 7. Experimental setup for the measurements employing offline-processes DMT modulation: LD — laser diode; MUX
— multiplexer; DEMUX — demultiplexer; PD — photodiode; TIA — transimpedance amplifier.

The photograph of the electrical and optical setup
can be seen in in Fig. 8. Here the following
components are depicted:

1- DMT AWG;

2- RF amplifier for LD modulation;

3- RF — Y-Connectors for the LDs;

4- LD Cooler;

5- LD Cooler controller slot;

6- LD Cooler input device hub Tektronix;

7- Multiplexer;

8- 50m Si-POF;

9- Demultiplexer;

10- High speed optical Receiver;

11- Real time Oscilloscope;

12- Optical integration sphere;

13- Optical power meter.

Fig. 8. Experimental Data transmission setup.

4.1. Experimental Results

To estimate the quality of the WDM channels and
allocate the number of bits per subcarrier, four DMT
pilot signals with 256 subcarriers, each loaded with
16-QAM, were simultaneously transmitted over four
channels. In 50 m and 100 m experiments the
bandwidth occupied by the pilot signals was initially
set to 1 GHz and 500 MHz respectively.
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To decorrelate the signals that modulated the laser
diodes, an additional delay of 10 ns between the
channels was introduced in the AWG. The received
signals were demodulated and used to evaluate the
SNR per subchannel. For the case the SNR in the
highest subchannels was high enough to allow
transmission of additional bits at even higher
subcarrier frequencies, the bandwidth of the pilot
signal was accordingly increased and the measurement
was repeated.

Frequency [MHz]
0 200 400 600 800 1000

10 30
1 515 nmj|
- 81 - - - —T 24
2 1 | | w
g 61 - i - - 18 Z
= 1 | | —_—
= 4 1 | ri2 g
=] 2 | | I L 5
0 T T T T T 0
0 50 100 150 200 250 300
Subcarrier

Fig. 9. Measured example SNR per subcarrier before bit-
loading (solid black curve) and bit-loading scheme obtained
on the basis of Chow’s rate adaptive bit-loading algorithm
(curve with markers) for the 515 nm channel in 50 m POF
experiment.

The evaluated SNR per subchannel was used as
input to the Chow’s rate adaptive bit-loading
algorithm that computed the appropriate bit-loading
scheme and power allocation per subchannel [15].
Based on the obtained bit and power allocations across
the subcarriers, the real-valued samples of the DMT
time signal were pre-computed offline. After that, the
DMT samples were loaded into the memory of the
AWG and repeatedly played in order to create a
continuous-time DMT signal that directly modulated
the intensity of the laser diode. The received DMT
frames were captured by the oscilloscope for
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subsequent offline processing that comprised DMT
demodulation, SNR evaluation and BER counting.

After deduction of the DMT transmission
overhead, the data rates transmitted in the individual
WDM channels were 3.26 Gb/s (405 nm channel),
3.90 Gb/s (450 nm channel), 4.08 Gb/s (515 nm
channel) and 3.53 Gb/s (639 nm channel). The total
averaged BER in each channel was 107 allowing the
FEC with 7 % overhead. Therefore, an aggregate bit
rate of 14.77 Gb/s achieved at the BER=103
corresponded to 13.8 Gb/s information bits at the
BER<10”. A measured example of the bandwidth of
the subcarrier behavior of the green Channel at 515nm
is depicted in Fig. 9.

In Fig. 10 the measured symbol bits are depicted.
The measurement represents a superimposed
constellation diagram of the subcarrier group
modulated with 4-QAM (182" to 185" and 191* to
232 subcarrier). An averaged received SNR for the
subcarrier groups modulated with 256-QAM and
4-QAM, obtained from the measurement data from
Fig. 5.16a, equals 29.22 dB and 9.76 dB respectively.
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256-QAM
(8 bits/symbol)

‘x

4-QAM
(2 bits/symbol)

Fig. 10. Measured QAM signals with 256/8bits/symbol
(left) and 4 QAM with 2bit/symbol (right).

Table 3. Comprehension of measured data rates
for 4 channels via 50m and 100m SI-POF.

WDM channel 50m 100 m
Violet 405 nm 3.26 Gb/s 1.34 Gb/s
Blue 450 nm 3.90 Gb/s 2.09 Gbfs
Green 520 nm 4,08 Gb/s 2.84 Gbfs
Red 656 nm 3.53 Gb/s 1.99 Gb/s
Total (BER=10"3) 14.77 Gb/s 8.26 Gb/s
Error free (with FEC) 13.80 Gb/s 7.72Gb/s

Therefore, an aggregate bit rate of 14.77 Gb/s
achieved at the BER=10" corresponded to 13.8 Gb/s
information bits at the BER<10®. All data rates
measured for the four transmission channels via 50m
and 100m SI POF are listed in Table 3. The realized
system provided 2.3 times more capacity than the
fastest 50 m single-wavelength system known from
literature, which operated at 650 nm [16].

5. Conclusions

In this work it was shown, that WDM transmission
over POF realised a huge extension of overall data
rates within one fiber over 50 m. The 14.77 Gb/s data
transmission based on the offline-processed DMT
modulation was demonstrated over 50 m SI-POF at the
BER=10". That is the second highest transmission
capacity ever achieved over 50 m SI-POF.

Enabling higher WDM data rates, it will be
possible to reach data rates for POF WDM Systems
with up to 40 Gbit/s with 16 WDM channels.
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Abstract: Inthis paper we present three technical improvements that will better prepare satellites for their |ater removal prior
to launch, in accordance with international agreements such as the IADC Space Debris Mitigation Guidelines, which ensure
that satellites are designed to re-enter within 25 years. Space debris are non-functional satellites orbiting the Earth, such as
abandoned second stage rockets, nanosatellites (most of which have no onboard propulsion) and collision fragmentsincluding
those from deliberate destruction. Just-in-time Collision Avoidance (JCA) can prevent anticipated collisions. It requires far
more precise orhit parameters for debris than we have now. The main tool we will use is ultra-precise laser ranging from an
orbiting ranging station, which can operate up to 500 km range from a debris, provided it has good optical cross-sections. To
enhance cross-sections, we would install 1-cm optical corner reflectors on each satellite, four around its equator and two at its
poles so that one or more will always be visible. We compare pulsed and frequency-chirped CW lasersin thisregard. To better
optimize energetic efficiency of laser propulsion to nudge satellites away from a predicted collision, we suggest the Thomson
scattering technique, which permits simultaneously measuring the change of target velocity and the plume exhaust velocity,
which can be combined to calculate this efficiency in real time.

Keywords: Laser ranging, Just in time collision avoidance, Picosecond laser, Thomson scattering, Chirped-frequency CW
laser.

1. Introduction

We have discussed laser Active Debris Removal
(ADR) extensively, including precise ranging[1,2]
sufficient to reduce false collison aarms from
100/year to 0.02/year. In those works, we assumed the
laser pulse originating from a spaceborne laser station
scatters off a target satellite into Pl steradians. At
1000 km range, the ranging system needed a 50 mJ,
100 ps pulsed laser and 75cm diameter optical aperture
to attain adequate signal to noise (S/N) ratio. In this
paper, we discuss prelaunch satellite modifications
that can permit low power CW lasers to be used for
ranging. A second (high power) pulsed laser is needed

http://www.sensorsportal.com/HTML/DIGEST/P_3271.htm

for the ultimate "laser nudging” operation to prevent
subsequent predicted collisions.

We propose three simple improvements in
procedure to better prepare satellites for ADR at end
of life if they become derelicts unable to re-enter
themselves. These are enhancing satellite laser signal
cross section and attaching specia thrust plates to
improve thrust direction control in“nudging,”[2] prior
to launch, and implementing measurement of shot-to-
shot kinetic efficiency during nudging. We also
discuss ways to optimize ablation kinetic efficiency
and to select optimum ablation fuels that could
withstand millions rather than thousands of shots.
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2. Pre-launch Preparation
2.1. Corner Reflectors

We can enhancelaser signal cross section for easier
Just-in-Time Collision Avoidance activities (JCA) by
installing as few as six small corner reflectors (not
refractive corner cubes) on the satellite surface.

A single 1-cm open corner reflector (Fig. 1)
provides4.4x10* increasein brightness of the ranging
laser return, compared to asimple rough metal surface
scattering into Pl steradians. Four around the satellite
equator and two at the poles will suffice because a
corner reflector has a 90-degree field of view
(FOV) [4].

1-cm diameter
open reflector
comner reflector

Q | O
—litg|

Fig. 1. Small corner reflectors on a satellite.

Corner cubes have smaller FOV. To achieve even
greater brightness, a 10-cm patch of corner reflectors
could be installed if it will not interfere with satellite
operation (Fig. 2).

open reflector
comer reflector array

Fig. 2. Larger reflector patches on satellite.

Patches you see on highway signs are deliberately
broadened and less bright, but we've all seen how
effective they are. The post-Newtonian corrections
due to Gambi [5, 6] must still be observed when
pointing the laser beam. However, satellite rotation is
not one of these. A target satellite rotating at
10 degrees/s a 500km would only cause a few um
repositioning error of the return beam on the laser
station because photons spend only a few tens of ps
inside the reflector elements, and beam pointing error
due to satellite rotation is about 6 picoradians.
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2.2. Thrust Plateto Control Nudging L aser
Thrust Vector

Normally, thrust is perpendicular to the satellite
surface, independent of the laser beam incidence
angle. Fig. 3 showsaconceptual thrust plate composed
of an array of ablative fuel hemispheres which can
produce a thrust vector counter to the laser beam
instead.

ey +60°

incidence

Fig. 3. Special Thrust Plate.

Note that we have not actually built and tested this
device, but it will work as advertised if the laser
intensity is tightly controlled to match the optimum
ablation intensity at the surface normal of the thrust
plate hemispheres. Thisdevice will have a120° range
of laser incidence angles using 100 ps pulses. Thiswill
allow usto better control target motion after impact of
ahigh energy single laser pulse.

Nudging is done with a 0.1-1 kJ pulsed laser
system similar to that in [3].

To be complete, we remind the reader that, with
very high laser intensities, where plasmavelocity v is
relativistic, thrust can be tilted relative to surface
normal without special arrangements (Fig. 4).
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Fig. 4. Thrust vector with very hot plasmas can tilt relative
to surface normal (angles exaggerated).

3. Chirped CW L aser

There is significant interest in using low power
CW lasers (rather than 100 ps pulses) to locate debris
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in the JCA program. In this section, we will show that
just 250 mW CW in a suitably "chirped” 1064 nm
beam will provide adequate S/N at a range up to
500 km while locating targets within 1.5 cm.

Fig. 5 illustrates our laser pulse format. For this
idea, we areindebted to avery well written thesis[7].

Fig. 5. Amplitude-modul ated optical wave with chirped
modulation frequency.

The Fig. 5 waveform is described by Eq. (1) with

E=sin(o)sin(,(1+b0) (1)

o, the optical wave, and m,(1+bt) the linearly chirped
amplitude modulation. We cannot perform direct
operations on the optical wave without a complex
optical interferometer. However, we can cross-
correlate  the returning (timereversed) AM
modulation pattern (shown in red) with a copy of that
for the outgoing wave and select the peak to determine
range.

Table 1 shows the numerical results for this
system.

Table 1. Numerical results for CW laser ranging.

Wavelength 1064 nm
Mirror diameter 75 cm
M2 1.5

Max Target Range 500 km
Beam dia. on target 191 m
Search area dia. (solar illum 100 m
Laser pulse duration 10 ms
Laser power 250 mwW
Chirp bandwidth 5 GHz
Corner reflector diameter 1cem

Signal brightness at revr.
Background brightness
S/N

2.61 W/[(mA2sr-um
2.70E-06 W/(mA2sr-um
9.70E+05

Photodetector efficiency 70 %
S/dark current 6300
Target location precision 15 e¢m
Precision interval (p.i.) 33 ps
Photoelectrons in p.i. 1310
Quarter optical period T/4 50 ps
Phtoelectrons in T/4 1960
Beat freq. at S00km 1.67 GHz

The optical frequency m, is 282 THz. If we select
b=500 GHz/s, the chirped modulation frequency
covers a 5 GHz band and the spacia resolution
c/(4B) =1.5 cm [8]. Chirped laser pulse duration is
10 ms at 250 mW at 1064 nm, giving a 2.5 mJ
transmitted pulse energy. This precision is similar to
our results with the 50 mJ, 100 ps pulsed laser source
we discussed in [1] for ordinary satellite surfaces
without corner reflectors.

Because of the frequency ramp, the return signa
will exhibit a beat frequency when mixed with the
outgoing signal (Fig. 6). For a stationary target, this
fregency, fs contains the range z. For range 500 km,
the round trip delay 2 z/c is 3.33 ms, and the beat
frequency will be 1.67 GHz.
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Fig. 6. Return signal with a) stationary and b) moving
targets. The chirped pulse repeats every 10 ms.

However, if we consider a moving target with a
7.5 km/s velocity component parallel to the laser
beam, fg now contains an additional 250 kHz doppler
component (Fig. 6b). To deal with this, three actions
will be sufficient:

(1) Add one more modulation to the outgoing signal,
consisting of many sharp (100 ps rise and fall),
pseudo-randomly spaced dropouts;

(2) Because the target will have moved 75 m during
the 10ms outgoing pulse, gradually stretching the
return by 0.25 pus and ruining the possible
precision, an onboard computer must recurrently
estimate the Doppler frequency and add or
subtract an onboard variable frequency oscillator
signal from the recorded return until the best
precision is obtained. We note that if this step is
done perfectly, step 1) may not be necessary, but
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we sugest to implement it because of the
inevitable effects of noise;

(3) Cross-correlate the modified return with the
stored transmitted signal.
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Fig. 7. Pseudo-random code modulation of outgoing signal.

Given these actions, we will obtain asingle 100 ps
pulse representing the target location with +1.5 cm
precision (Fig. 8).

4. Ranging Procedure

Fig. 9 shows the laser transmit/receive path. The
ranging procedure is identical to that in [3], with the
difference that the ranging signal is a 250 mw CW
1064 nm, 10 ms laser pulse. First, we find the target
with a broad area search, using solar illumination of
the target plane (yellow beamin Fig. 9).
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Then, we aim the laser at the target and track it,
obtaining its range in a few seconds. The telescope is
designed to fitinside aVega-C for launch.

Cross-correlation
of outgoing and return wave

o(x)

100ps [3.1cm]

1(8)

Moving Satellite Target at 500km with doppler,
pseudo-randomly spaced gaps

Fig. 8. Result of cross-correlating the outgoing and return
signal with Doppler removed.

5. Laser

Thelaser follows closely the design of Li et al. [8],
who achieved 400 Hz bandwidth in their single-
frequency oscillator. See [8] for many additional
details that are overlooked in the simplified block
diagram in Fig. 10. In the Figure, a non-planar ring
oscillator (NPRO) feeds an electro-optic modulator
(EOM) which is input to a yttrium-doped fiber
amplifier (YDFA) that produces 30W. The EOM is
driven by a chirp signal generator with a DC bias
control system.

target
plane

red: laser system fine focus
yellow: solar illluminated search area

Fig. 9. Laser transmit/receive path to target, and array detector. Rangeis up to 500 km.

NPRO (— EOM |—

YDFA {

telescope

Fig. 10. Laser system block diagram.
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6. Optimizing Kinetic Ablation Efficiency
in Real Timeusing Thomson Scattering

Ablation efficiency is given by
N =AMV [2W=C v, /2 D

with laser pulse energy W, momentum coupling
coefficient Cn, ablated mass Am and ion velocity vi.
We determine Cm from Aviage in a single shot, as
measured by the system described in §3. The novel
approach we describe in this section isto measure ion
velocity vi using the Thomson scattering technique
[9, 10], Fig. 11.

Thomson scattering

\#’
¥ N }2:;\‘
S/e \ 4 \
o / - '

: /;,'\! _/ = B \0 \ \
O B %% 13 O\
- N =4 F | i \\_’_.-\’/

Nt -

Electrons do all the scattering, but those
at small 8 are correlated with lon motions.
A reflector (the spacecraft) lets us see both
both electron and ion velocity distributions

Fig. 11. Thomson scattering principle.

A short pulse laser provides wave vector ki. In
Thomson scattering, the forward (collective
scattering) direction gives the ion distribution. Where
Ak is the scalar wave vector change and De is the
electron Debye length, the Thomson scattering shape
function in the limit o=1/( AkD¢)>>1is

2 )

e

S

for a maxwellian plasma, but the technique will give
the actual velocity distribution if the plasma is non-
maxwellian. In Eq. (2), Z ision charge state and W is
anintegral described in[9]. In the backward direction,
the electron velocity distribution is given, but we want
the ion distribution here. Fortunately, the satellite
itself reflects the ion feature back to us. Now, the
parameters in Eq. (1) are available to us and we can
dither pulse energy W until nag is maximum. Theion
featureiseasily distinguished from the electron feature
becauseit isvery closeto the laser frequency.

S(Ak,w)=Z|1+ 2_|-_reW(v/vi)

7.Howto Avoid Melting Propelled Tar gets

This section, and the one following, refer to an
entirely different scenario in which intense, repetitive
short pulses (of order 100 ps) are used to propel a
space object. Ref. [11] showed that the maximum
pulse number to avoid melting can be written

Nmax=(2/3)Y23CoM (T-Ti)/(CnlW) (3

With M indicating target mass, Tm and T; the
melting and initia temperatures, Ci the thermal
coupling coefficient and W the laser pulse energy.
This relationship assumes we heat the entire ablation
fuel block, and limits us to about 2,000 pulses for a
few-kg aluminum target. In [11], it was stated that a
few-kg aluminum debris could not be re-entered
without a cooldown. Further, many flights that have
been proposed need hundreds of thousands of pulses
[13]. There is a solution to this problem: at very high
laser intensity on target, surface recession will outrun
the thermal wave. If we apply high intensity plasma
theory[12], we can achieve conditions in which
Vied Vin>>1, as shown in Eq.(4):

A7/8 (D (4)
V. /V,=1.26E-6———>——— /—
rec ' Vth TO.?S[ZZ(Z+1)]3/8 /1,0

In Eq. (4), @ isfluence (Jm?), A is average atomic
mass number in the plume, Z is average ionic charge,
A iswavelength, K isthermal conductivity of the solid
fuel p is the solid fuel density (kg/m?) and 7 is laser
pulse duration. With typical values for laser space
flights (355 nm, 100 ps, 40 kJ/n?), and properties of
calcium silicate, Eq.(4) gives Vred/Vin=3.2x105.

8. A Figureof Merit for Ablation Fuels

We suggest afigure of merit for long laser ablation
flights as shown in Eq. (5):

FOM — nABTm (5)
CiK

Thisfigure of merit emphasizes ablation efficiency
and melting temperature, and de-emphasizes thermal
coupling coefficient Cy and thermal conductivity.
Ablation efficiency and Cy, have not been measured
for all materias, but estimates give the results in
Table 2, which shows how important refractory
materials (rather than low melting metals) will be for
ablation fuelsin future laser propelled flights.

Table 2. Figure of merit for several ablation fuels.

Matl EtaAB m K Cth FOM

Fiberglas 0.2 1120 0.04 0.3  1.87e+04
Ca2Si04 0.2 2130 0.2 0.3 7.10E+03
2r02 0.2 2715 17 0.3 1.06E+03
CaCo3 0.2 2072 2.25 0.3 6.14E+02
Zr 0.6 33n 16.7 0.3 404
POM 0.2 175 031 03 376
Sic 0.2 3545 39 0.3 61
Al 0.22 660 239 0.03 20
wC 0.2 2870 110 0.3 17
Graphite 0.06 3600 470 0.15 31

Estimates for materials not measured

A brief presentation of thiswork was given as an
oral paper in[14].
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9. Conclusions

In this paper, we have outlined two preflight
actions which will improve laser ranging, a procedure
which will permit using a 250 mW CW laser for
ranging, and a method to optimize kinetic efficiency
in the nudging operation. We also discussed a way to
partially control thrust direction and a way to search
for better ablation fuels which can take many more
than 2,000 pulses before melting.
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Abstract: Propagation properties of azimuthally polarized Bessel-Gaussian (APBG) beams with non-zero order
through a helical axicon (HA) are theoretically investigated. The formula of APBG beams field in the focal region
are derived by the vector diffraction theory. Numerical results illustrate that the beam and axicon parameters
affect the intensity distribution in the focal region very considerably. Super--long transversely polarized focal
depth with different shapes are obtained by choosing appropriate values of parameters. We also observed that a
focal shift occurs which depends on both axicon parameter and numerical aperture. We expect that focusing APBG

beams by HA can be used in optical trapping.

Keywords: Bessel-Gaussian beam, Azimuthal polarization, Helical axicon, Vector dilIraction theory.

1. Introduction

A helical axicon is a hybrid of a spiral phase plate,
that is an optical element whose thickness increases
azimuthally, and of an axicon [1]. It has attracted
researchers’ interest due to its unique characteristics
and different applications. It is shown that the helical
axicon (HA) can be used to transform Gaussian beam
and a plane wave into a vortex beam [2, 3]. The HA
also has been used to generate Bessel-Gaussian beams
of arbitrary order [4], spiraling Bessel beams with
adjustable topological charges from Laguerre-
Gaussian beam [5], vortex beams [6, 7] and non-
dillracting Bessel beam by conversion high-order
Laguerre-Gaussian beam [8]. It is found that the
topological charge and axicon parameter can alter the
focal pattern in the focal region [9, 10]. A general
approximate analytical expressions of the Fresnel

http://www.sensorsportal.com/HTML/DIGEST/P_3272.htm

diffraction of Laguerre—Bessel-Gaussian beam by the
HA has been derived analytically based on the
stationary phase method [11].

Last decades, high order Bessel-Gaussian beams
that propagate with stability in both size and intensity
have attracted lots of researchers’ attentions due to
their extraordinary properties. Such class of beams
propagate without divergence, carrying orbital angular
momentum with a helical phase fronts and have the
property of self-healing [12 - 15]. These properties
have propitiated their application in optical trapping
[16, 17], optics communication [18] and generating
perfect optical vortices [19]. Recently, focusing of
polarized Bessel-Gaussian beams which have either
pure azimuthal or pure radial polarization had been
studied extensively. A needle of strong longitudinal
polarized field with long depth of focus and strong
intensity has been obtained by focusing a radially
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polarized Bessel-Gaussian beams with a high
numerical aperture lens and a diffractive optical
element [20]. In [21], X. Gao et. al. have investigated
focusing properties of Bessel-Gaussian beam with
radial varying polarization detail. The same group,
also, studied the focus shaping of the radially polarized
Bessel-Gaussian beam with a sine-azimuthal variation
wave front [22]. Multiple intensity rings, dark hollow
have been generated by focusing radial varying
polarized Bessel-Gaussian beam with radial phase
modulation [14]. It is found that radially polarized
laser beams have small focuses and non-propagating
longitudinal field components; while azimuthally
polarized beams have hollow intensity distributions
form [17].

By taking into account the fact that focusing
Bessel-Gaussian beams are very important in many
applications such as optical trapping [17] and the
properties of the HA. To the best of our knowledge,
the propagation properties of APBG beam through the
HA are investigated for the first time in this work. The
propagation properties of focused APBG beams such
as depth of focus (DOF) and the full width at half
maximum (FWHM) by a linear axicon, that is a special
case of the HA when the topological charge of a HA
p = 0, are also studied. The theoretical model is
introduced in section 2. The numerical results are
discussed in section 3. In section 4 the conclusion of
results is shown.

2. Theoretical Moddl

The electric field of the APBG beam E(p, ), in
cylinderical coordinate system (p, ¢, z), at the source
plane can be given by

E(p,¢) = E(p,P)ey, (M

where ey, is the azimuthal unit vector of the polarized

direction and E(p, ¢) is the electric field of Bessel-
Gaussian beam that is given by [23]

2

P )exp(iqb), @

E(p,$) = J1(Bp)exp (— oz

Wo
where J; is the Bessel function of the first kind of order
1 which is the topological charge of the optical vortex,
p is the transverse wave number that indicates the
quickness of the fluctuation of Bessel function and w
is the beam width. The transmittance of the HA is
defined as [6]

T = exp(iap + ipp), 3)

where « is the axicon parameter that shows the axicon
strength and p = 0,1, +2,... is a topological charge
of the HA. Based on the variable transformation Eq.3
can be rewritten as [9, 10]:

32

T =exp [iapb L +. ] = exp [iapb L + ipd)]
Pb lpd) Pb (4)
_ [ sin@ +i
= exp |in -+ ipd),

where 1 = ap), is the dimensionless axicon parameter,
NA is the numerical aperture and 6 is the tangential
angle with respect to the optical axis as shown
in Fig. 1.

X

Fig. 1. Scheme for a azimuthally polarized Bessel-Gaussian
beam focused by helical axicon.

According to vector diffraction theory, the electric
field of APBG beam focused by HA is [24, 25]:

E(p',¢',z) = E, e, + Eyeq + Ee,  (5)

where €,, €4 and e, are the radial, azimuthal, and
longitudinal unit vectors, respectively. The amplitudes
of the three orthogonal components E,,, Eg, and E, in
the focal region are given by

Ey(p' 9", 2) iA a2
Ey(p',¢',2) | =— ?J- f Vcos8
EZ(p’! ¢’,Z) 0 0

* E(0,$)T (6, p)exp[ik(zcosO + p'sind
* cos(¢p — ¢))]
—sinf sin(¢ — ¢")
( siné cos(¢ — ¢") ) dedo, (6)
0

where k is the wave number, a = arcsin(NA) is the
convergence angle corresponding to the radius of the
incident optical aperture. The coordinate system is
shown in Fig. 1. In order to simplify calculation
process, Eq.2 can be expressed as [26, 27]

E(6,¢,0) ,
2p,sind ind ,
) 2o
cos(¢p — ¢")] (™)

where f5; and f3, are the ratios of pupil diameter to
the beam diameter.

By substituting Egs. (4) and (7) into Eq. (6) the
three orthogonal component of electric field can be
obtained as
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Ey(p', @', 2)
o 4 ra (2
Ey(p' ¢, 2) =—l;f0a Jo " Vcoso
Ez(p’: ¢I’Z)
(ﬁzsine)z (Zﬁlsine) [ sin@
* — _
P\~ \"na ) [\ Tva )P [

+ exp(i(+1)<p)] exp[ik(p'sinfcos(¢p — ¢d"))]
—sinf sin(¢ — ¢')
( sinf cos(¢ — ¢") > explikzcosOldpds.  (8)
0

The integration with respect to ¢ can be
accomplished by using the following formula:

21
j sin(¢p — ¢p")exp[ime + itcos(¢p — ¢p')]dp
0
= nimexp(im¢’)[]m+1(t) +]m—1(t)]l (9)

and

2
f cos(¢p — ¢p")explime + itcos(¢p — ¢p')]d¢p
0
= mi™*lexp(ime) Jm+1(t) — Jm-1()]. (10)

Therefore, the orthogonal components of the
output electric field are given by:

Ey(p', 9" 2)
Ey(p',¢',2) | = iPAexp(i(p + 1)¢")
E,(p',¢',2) ,
o, (58) e[ (22 it
—sind|J, 42 (kp'sind) + J, (kp'sind)]
i sinB|],4,(kp'sin®) — J,(kp'sind)] de.
0

ikzcos@]

an

The optical intensity is proportional to the modulus
square of Eq. 5.

3. Numerical Calculation and Discussion

In this section some numerical calculation will be
carried out in order to obtain the properties of
propagation APBG beam through helical axicon
depending on Eq. 11. It is noticeable that the integral
over the parameter 6 could not accomplished
analytically; therefore, the numerical integration will
be used. In our calculation, we consider A equal unit
one and A = 632.8nm and the distance unit in figures
in this work is the wavelength of the incident beam in
vacuum.

Fig. 2 illustrates the intensity distribution of APBG
beam with HA for different axicon parameter
n=0n=2n=4n=6n=-2 and n=-4
under condition of B, =2, B, =1, p=1, and
NA = 0.95. This figure shows that the intensity
distribution vary with respect to axicon parameter. It

is clearly shown that the focal hole shape still constant
as the axicon parameter changed and the intensity
distribution is symmetry about the z axis. Forn = 0 as
it is shown in Fig. 2 (a) the focal region is symmetry
about z and its center is at z = 0. In addition, it can be
seen from Fig. 2 (b-d) the generated focal hole region
shifts away from the HA on increasing the positive
value of the axicon parameter 1. In the other hand, the
generated focal hole in the focal region shifts toward
the HA on decreasing the negative value the axicon
parameter as it is shown in Fig. 2 (e and f) that are for
n=-2 and n = —4, that indicate focal shift
phenomenon occurs that means the movement of the
center of focal hole. It can be concluded that different
HA different focal hole regions for the same incident
beam.

Fig. 2. Intensity distribution of APBG beam with HA under
condition p; =2, pB,=1, p=1, NA=095
and (@) n =0, (b)n=2,(c)n=4,(dn=6,(c)n=-2,
(f) n = —4, respectively.

Fig. 3 exhibits the intensity distribution of APBG
beam with a HA for positive and negative different
values of topological charge under condition of = 4,
Bi=2, B, =1, and NA = 0.95. It is shown from
Fig. 3 (a and f) that the focused APBGB with p =0
and -2 are not hollow and have peaks on the optical
axes due to the presence of ], that is found in the
integrand for both p = 0 and -2. In the other hand, the
focal hole region is constructed for p # 0 and -2 as can
be seen in Fig. 3(b, ¢, d and e). The radius of the focal
hole increases as the topological charge -either
positively increase or negatively decrease. By
comparing Fig. 3 (b with e) and Fig. 3 (d with g) it is
found that the focal hole region is longer and have
smaller radius for negative values of p than positive
values. It can be conclude that the HA changes the
topological charge of the incident beams and convert
it to a non-vortex beam [8, 7].

Now, let the parameters §; and f, vary to show
how the focal hole region change. In Fig. 4 the
parameter [3; increase from 1 to 3.5 for 8, = 1 and in
Fig. 4 the parameter f, increase from 1.5 to 2.5 for
B; = 3 the other parameters are n = 2, NA = 0.95,
and p = 1 for both of them. It is obviously shown that
the shape of the focal hole region in these two figures
have changed considerably and some novel focal hole
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patterns are appear including dark hollow focus,
multiple intensity ring that can be used to construct
optical traps. In addition, the focal hole region shift is
not related to the parameters ; and S, as it is shown
from Figs. 4 and 5. In addition, the position of the
maximum intensity value change as the values of both
parameters 5; and f, change with forming different
focal region shapes. Therefore, they can affect the
focal pattern considerably and produce some novel
focal hole regions that can be used in optical trapping.

4-3-2-18 1 2 3 4

-4 =3-2-1 0 1 2 3 4
2iA) 2l )

-4=3-1-10 1 2 3 4

Fig. 3. Intensity distribution of APBG beam with HA under
condition 8y = 2,6, =1,n=4,NA=0.95and (a)p = 0,
®p=1,0©p=2Wdp=3,)p=—land(H)p=-2,
respectively.
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Fig. 4. Intensity distribution of APBG beam with HA under
condition n = 2, NA = 0.95, p = 1B, = 1 and () B; = 1,
®) B1=15, () B1=2, d) B =25 ()B1=3, (
B, = 3.5, respectively.
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Fig. 5. Intensity distribution of APBG beam with HA under
condition n =4, NA=095 £, =3 and (a) B, = 1.5,
(b) B, = 2, (¢) B, = 2.5, respectively.

The intensity distribution of APBG beams with
different values of numerical aperture with p = 1 and
p = 0, that is corresponding to a linear axicon, under
condition n = 2, ; =3 and S, = 3 are shown in

34

Fig. 6. It can be seen that the intensity distribution in
the focal region strongly depend on both the nume
rical aperture and the topological charge. While a
transversely polarized focal hole is formed with
p = 1 an extended focal spot is formed with p = 0.
The focal depth considerably extend as the numerical
aperture decrease and the focal shift increase, also, that
are coincide with our previous work [28]. A super—
long focal tube is obtained from focusing APBG
beams with small values of numerical aperture. The
dependence of both DOF and FWHM of focused
APBG beam by a linear axicon on the numerical
aperture are illustrated in Fig. 7 under condition of
n=2,p5 =3,0,=3,and NA = 0.95. It is clearly
shown that the depth of focus increases considerably
as the NA decreases. The depth of focus equal 48.94
and 3864 for NA=040 and NA =045,
respectively. Moreover, the FWHM is also extend as
the numerical aperture decrease.

NA=0.75
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Fig. 6. Intensity distribution of APBG beam with HA under
conditionn =2,; =3 and f, =3 withp=0andp = 1.
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Fig. 7. Depth of focus (DOF) and the full width at half
maximum (FWHM) of a focused APBG beam with HA
under condition =2, 3; =3, B, = 3 and p = 0 that is
corresponding to a linear axicon.

4. Conclusions

In summary, by using the vector diffraction theory
propagation properties of the azimuthally polarized
Bessel-Gaussian beam (APBGB) through
helical axicon is numerically investigated. Our
numerical results clearly show that the intensity
distribution in the focal region of the APBGB can be
adjusted considerably by axicon parameter,
topological charge of the spiral phase, and beam
parameters. A long focal tube has been obtained. We
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suggest that focusing of APBGB by HA may find
application in optical trapping.
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Abstract: Wettability is reported to be one of the most important factors in bacterial attachment into the surface.
Superhydrophobic surfaces show the lowest bacterial adhesion. In this paper, effect of an excimer laser irradiation
at the ablation threshold fluence with different number of pulses on the wettability and antibacterial properties of
polycarbonate samples was investigated. Sessile drop method and gram staining technique were used for water
contact angle measurement and adhered bacteria identification respectively. Laser irradiation on the polycarbonate
surface, cause intense changes in its wettability. High number of laser pulses at the ablation threshold fluence,
followed by suitable hierarchical micro-nano structures fabrication on the surface, causes super water repellent
surface fabrication. This fabricated surface shows superhydrophobicity and antibacterial properties and can be
used in many applications such as medical devices, water and food industry. Field Emission Scanning Electron
Microscopy was used for investigating the morphology of the superhydrophobic fabricated polycarbonate and to
ensure adhered bacteria rate of the superhydrophobic sample.

Keywords: Antibacterial properties, Excimer laser, Polycarbonate, Superhydrophobicity, Wettability.

particles using. Metal surfaces such as silver or copper
have shown antibacterial efficacies that may control
bacterial infections [4], but using this method leading
to irreversible destructive effects such as DNA
molecules damage [5].

Using new methods based on preventing the initial

1. Introduction

Colonization and bacterial attachment on the
surface of medical devices cause bacterial infections
and threats to human health [1]. As the use of
antibiotics, there are several approaches to kill the

bacteria directly [2], but increasing the bacterial
resistance to antibiotics followed by the emergence of
new strains of drug-resistance bacteria, reduces the
tendency to use these methods [3].

On the other hand, there are other techniques to
prevent bacterial infections such as some metal
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adhesion of bacteria to the surface, does not have the
destructive effects of previous methods and also the
antibacterial effect is more lasting. These surfaces can
reduce the adhesion force between bacteria cells and
the surface to enable the easy removal of bacteria
before a biofilm formation [6].
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Antibacterial surfaces have attracted scientists
attention in the last decades [7, 8] due to their
extensive applications such as industrial equipment,
human health, food and water industry. As was
mentioned in the previous paragraph, these surfaces
prevent the initial bacterial attachment to the surface
and subsequently biofilm formation [9].

Multiple physical aspects of the material including
wettability, roughness, surface charge and energy have
been considered to influence on the bacterial adhesion
rate, but wettability is reported to be the most relevant
parameter for bacterial adhesion control [10].
Superhydrophobic surfaces have been reported to
show the lowest adhered bacteria due to their micro-
nano structures [11]. There are several methods for
superhydrophobic surfaces fabrication including
chemical etching [12], solution immersion [13] and
laser processing [14].

Laser irradiation can change the surface wettability
due to the chemical changes and micro/nano structures
formation on the surface and is one of the most
effective techniques for superhydrophobic surfaces
fabrication. Numerous articles have been published
investigating the effect of the laser irradiation at
fluences of above the ablation threshold on the
wettability of the sample [15]. In this paper, effect of
an excimer laser irradiation of polycarbonate at the
ablation threshold fluence on its wettability is
investigated. Due to laser processing, at these fluences
and with high number of pulses, the surface is changed
to superhydrophobic one. Finally, the bacterial
adhesion rate on the irradiated sample is tested.

2. Experimental M ethod
2.1. Experimental Work

Polycarbonate is one of the most widely used
polymers in food and medical industries. For example,
this polymer has been used in blood filters and blood
reservoirs for more than 20 years. In addition, this
polymer is also used in food packaging containers.
These applications are directly related to human

health. Therefore, it seems that antibacterial
polycarbonate fabrication is very essential.

Polycarbonate samples with the thickness of 1mm
were cut into length and width of lecm x lcm. The
samples were washed with water and alcohol to be
cleaned before laser processing. The UV-Vis spectrum
of the selected polycarbonate is shown in Fig. 1.

As it can be seen from the spectrum, PC has high
absorption at the UV range of the spectrum.

Polycarbonate absorption at excimer laser wavelength

{

absorption
»N

T T | J—— T T T 1
200 300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 1. UV-Vis spectrum of polycarbonate.

The single pulse laser ablation threshold can be
obtained from the extrapolation of the graph of laser
ablation rate vs laser fluence [16]. The fluence for the
single pulse ablation threshold of PC samples in
248 nm was obtained to be about 40 mJ/cm’. For
investigating the effect of the laser irradiation on the
polycarbonate wettability, samples were irradiated by
a pulsed KrF laser with 25 ns duration and 248 nm
wavelength at the fluence of 35 mJ/cm? (very close to
the ablation threshold) with different number of
pulses. The experimental setup is shown in Fig. 2.

The contact angle of the pristine and irradiated
samples were realized by sessile drop method. Field
Emission Scanning Electron Microscopy (FESEM)
was used for investigating the changes in the
superhydrophobic fabricated surface’s morphology.

Power meter

Excimer laser

Beam splitter

Sample
Sample Holder

Focusing lens

=20 cm

d=31 cm

Fig. 2. Scheme of the experimental setup.
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2.2. Bacterial Retention

E-Coli bacteria culture was inoculated into 4 mL
LB and then incubated at 37 °C to an ODggo0f 0.5. The
culture was diluted 1:3 in sterile phosphate buffer
solution (PBS). 500 microliters of diluted bacteria
cultures were added to each well of polycarbonate
samples. After washing with PBS, bacteria were fixed
on the samples with 4 % paraformaldehyde in PBS for
30 min at room temperature and then Samples were
rinsed with PBS. Finally, Gram staining was done.

One of the practical methods for identification of
bacteria, is gram staining. Bacteria are classified into
two categories based on their colour after gram
staining test. Gram-negative and gram-positive
bacteria are violet and red colour after gram staining.

In this paper, the superhydrophobic fabricated
sample and the pristine were tested for E-Coli bacteria
adhesion with gram staining method. E-Coli bacteria
is gram-negative and can be identified easily in optical
microscope due to its violet colour after bacteria
culture and gram staining test.

3. Reaults
3.1. Wettability

Fig. 3 shows the changes in water contact angle of
the samples irradiated at the fluence of 35 mJ/cm? and
with different number of pulses.
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Fig. 3. Water contact angle of the irradiated polycarbonate
samples at the fluence of 35 mJ/cm? with different number
of pulses.

As it can be understood from the figure, following
irradiation of the samples at this fluence with 1000 and
2000 number of pulses, the surface become
hydrophilic, while the irradiated polycarbonate shows
superhydrophobic behavior with 5000 pulses of
irradiation.
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3.2. Bacterial Adhesion Test

As was mentioned in Section 2.2, after bacteria
culture, gram staining method was used for the
superhydrophobic fabricated sample and the pristine.
All the samples with bacterial culture and gram
staining tests, were washed with phosphate buffer
solution (PBS) before taking microscopic images.
Therefore, only adhered E-Coli bacteria can be seen in
the microscopic images.

Fig. 4 shows the microscopic images of these
samples for E-Coli bacteria identification. As it can be
seen from the figure, adhered E-Coli bacteria can be
seen easily on the pristine sample while almost no
bacteria can be identified on the superhydrophobic
one. This means that the superhydrophobic fabricated
sample is also antibacterial. Water droplet, can be
slipped easily on the superhydrophobic surfaces. So
these surfaces are self-cleaning. With PBS washing,
bacteria that were on the surface but did not adhere to
it, could easily be removed. No E-Coli bacteria can be
seen in the microscopic image of the sample irradiated
with 5000 number of pulses. So the adhesion force
between the superhydrophobic surface and E-Coli
bacteria is so low and bacteria can not adhere on the
surface. In addition, if there is any bacteria on the
surface, it can be removed easily by washing.

Fig. 4. Microscopic images of up untreated and down
the sample irradiated at the fluence of 35 ml/cm?
with 5000 number of pulses. The microscopic images are
one hundred times larger than the original.



Sensors & Transducers, Vol. 258, Issue 4, July 2022, pp. 36-41

3.3. Morphology

Fig. 5 shows the FESEM images of the irradiated
sample with 5000 pulses, as a superhydrophobic
specimen, with different magnifications. These
images were taken after the bacteria culture to ensure
that no bacteria is adhered to the superhydrophobic
sample.

As it can be understood from the figure, micro-
nano scale structures are formed on the surface
following irradiation with 5000 pulses at fluence of
35 mJ/em?. Fig. 5 (a) shows the microstructures
formation on the irradiated polycarbonate with
5000 pulses and (b) shows the nanostructures
formation on the microstructures with higher
magnification. As it can be seen from the image, nano
spheres with diameter of about 60-90 nanometres are
formed on the whole parts of the microstructures. This
structure are similar to one was formed on the
polymers following irradiation with an excimer laser
at near the ablation threshold fluence [17, 18].

Fig.5. FESEM images of the sample irradiated at the
fluence of 35 mJ/cm? with 5000 number of pulses after
bacterial test at different magnification. Marked scale bar
is about a) 4 micron, and b) 400 nm

4. Discussion

Laser irradiation of polymers at the ambient with
nanosecond laser leads to different chemical and
morphological changes based on the laser fluence

regime. Material removal, morphological changes and
micro scale structures formation are expected to occur
at the fluences above the ablation threshold. In this
case, the surface hydrophobicity is expected to
increase. At the fluences below and close to the
ablation threshold, chemical modifications and polar
group’s formation are occurred and these changes can
turn the surface into the hydrophilic one, according to
number of laser pulses. It is important to note that the
number of laser pulses is the main factor in laser-
matter interaction at the fluence below and close to the
ablation threshold. At this fluence, chemical changes
are occurred; but as it was mentioned, the intended
fluence is so close to the ablation threshold and with
high number of pulses, formation of nano size
structures is expected [19].

Following irradiation of the sample with 1000 and
2000 number of pulses, chemical changes are occurred
followed by polar group’s formation as was mentioned
in the previous paragraph. These polar groups may
interact with H,O molecule and cause surface to
become hydrophilic.

With higher number of pulses as 5000 at this
fluence, the energy of the laser pulses cause the
creation of the structure and nano scale structures can
be formed on the surface. 1000 and 2000 number of
pulses are not enough for suitable nanostructures
formation. Cassie-Baxter model predict that on the
surfaces with micro/nano structures, air pockets can be
entrapped in the structures and the surface shows
superhydrophobicity behaviour [20].

Fig. 5 shows the hierarchical structures formation
on the irradiated PC with 5000 number of pulses.
Hierarchical structures formation on the surface is
supposed to be one of the best approaches for artificial
superhydrophobic surfaces fabrication [21]. In these
surfaces, air is entrapped between the structures and
the water droplet will be in contact with gas phase
instead of the solid [22]. So the water contact angle of
these surfaces will be so high and they have potential
to be superhydrophobic surfaces. Air trapping in-
between the fabricated structures is the main reason
for their superhydrophobicity. Since no bacteria can be
seen in these FESEM images, the superhydrophobic
fabricated polycarbonate have antibacterial properties.

Both hydrophilic and superhydrophobic surfaces
are used in many industries due to their vast
applications. Hydrophilic surfaces can be used in
biomedical, heat pipes and many other applications
[23], while research has shown anti-biofouling,
antibacterial and self-cleaning properties of
superhydrophobic surfaces [24, 25]. So based on a
specific application, the desired surface wettability
can be obtained using a laser treatment method.

Numerous articles have reported that bacteria
prefer to adhere to the solid phase rather than the gas
[26, 27]. As was mentioned before, air trapping in the
fabricated structures occurs. So bacteria will contact
with the air as a gas phase instead of the surface as a
solid phase. So bacterial adhesion on this surface
will be at the lowest level and this surface is
antibacterial one.
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5. Conclusions

Due to the increasing bacterial resistance to
antibiotics and the fact that the development of new
strains of drug-resistant bacteria is expected to be
faster than the production of new drugs in the next few
years, the development of antibacterial surfaces that
prevent the bacterium from initial adhesion to the
surface has received much attention in the last decade.
Superhydrophobic surfaces are reported to be the
antibacterial ones. There are many approaches for
superhydrophobic surfaces fabrication but laser
treatment, as a simple and single-step method which
can form suitable structures on the surface, is
considered to be one of the best methods for this
purpose. In this paper, effect of laser treatment of
polycarbonate on its wettability and antibacterial
properties was investigated. The polycarbonate
samples were irradiated with an excimer laser at the
ablation threshold fluence with different number of
pulses. Chemical modifications such as surface
carbonization and polar group’s formation, as well as
morphological changes including micro/nano
structures formation are the reasons for wettability
modifications of the irradiated samples. The number
of pulses is the most important factor affect the
wettability at the fluence below and near the ablation
threshold. With 1000 and 2000 number of pulses,
polar groups are formed on the surface which cause
the surface become hydrophilic, while with
5000 number of pulses, nanostructures are formed on
the irradiated surface and the surface is changed into
the superhydrophobic one. Therefore, according to the
experimental results, it is clear that the wettability in
this fluence can be changed drastically with the
number of laser pulses.

FESEM of the irradiated sample with 5000 pulses,
shows the nanostructures formation on the
surface. Air-trapping between these structures
is the main reason for superhydrophobicity of this
sample.

Bacterial adhesion test was done for the pristine
and the superhydrophobic fabricated surface. After
PBS washing, microscopic images of the surfaces
were taken. According to the images, no adhered
bacteria can be seen on the superhydrophobic surface,
while many adhered bacteria are on the pristine
polycarbonate. Bacteria prefer to adhere to the
solid phase rather than the gas. Therefore, since there
is air between the structures created on
the superhydrophobic surface based on the Cassie-
Baxter model, bacteria have little contact with the
solid phase and most of the contact is with the gas

phase. Therefore, this surface has antibacterial
properties.
Finally, in this research, superhydrophobic

antibacterial polycarbonate is fabricated using an
excimer laser treatment. This fabricated sample can be
used in many industries such as food, water and
medicine.
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