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Sensing the heavy water concentration in an HO-D,0O mixture
by solid—solid phononic crystals
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A new method based on phononic crystals is presented to detect the concentration of heavy water (D,0) in an HyO—
D,0O mixture. Results have been obtained and analyzed in the concentration range of 0%—10% and 90%—-100% D,0. A
proposed structure of tungsten scatterers in an aluminum host is studied. In order to detect the target material, a cavity region
is considered as a sound wave resonator in which the target material with different concentrations of D,0O is embedded.
By changing the concentration of D,O in the HyO-D,O mixture, the resonance frequency undergoes a frequency shift.
Each 1% change in D0 concentration in the H,O-D,O mixture causes a frequency change of about 120 Hz. The finite
element method is used as the numerical method to calculate and analyze the natural frequencies and transmission spectra
of the proposed sensor. The performance evaluation index shows a high Q factor up to 1475758 and a high sensitivity up
to 13075, which are acceptable values for sensing purposes. The other figures of merit related to the detection performance

also indicate high-quality performance of the designed sensor.

Keywords: phononic crystals, sensor, HyO-D,O mixture, cavity

PACS: 43.20.4-g, 43.40.+s, 43.58.+z

1. Introduction

Deuterium oxide (D,0), or heavy water, has a heavier iso-
tope of hydrogen called deuterium in its molecular structure.
This causes D,O to have different physical properties from
normal water.!!! Deuterium oxide is used in many scientific
and industrial applications such as nuclear reactions, magnetic
nuclear resonance, as a coolant in nuclear power plants!?! and
for metabolic isotope labeling in biological processes. !

Different methods have been implemented for heavy wa-
ter production. Water electrolysis, water distillation and hy-
drogen distillation were investigated as hydrogen—deuterium
separation methods to achieve deuterium vapor and its separa-
tion from regular hydrogen.[* Because of the similar chemical
properties of D,O and H;O, discrimination between them is
tremendously hard. There exist some laser-based methods, lu-
minescent material methods and nanocrystal methods to trace
D,0 in an H,O-D,0 mixture.>®! Due to the physical differ-
ences between D,O and H,O, other sensing methods such as
phononic crystals (PhCs) can be used for this purpose. PhCs
can be utilized to detect the concentration of a substance in a
compound or to distinguish two or more substances from each
other. [7:8]

PhCs are fabricated structures made to control and ma-
nipulate acoustic waves, and include two or more materi-
als with diverse physical properties in elasticity, mass den-
sity and speed of sound.!!%1 The inclusion materials can be

1L12] {wo-

embedded in the host with one-dimensional (1D),!
dimensional (2D)[!*!4! or three-dimensional (3D)!'>! arrange-

ments. The periodic property of these structures creates one or
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more forbidden regions in the corresponding diagram band,
the phononic band gap.!'® The phononic band gap plays an
important role in acoustic wave confinement. By applying
changes to the periodicity of the structure, it becomes possi-
ble to create a narrow range of sound waves that are allowed
to pass through the structure in the range of the band gap. In
fact, with this method, the sound wave is confined and directed
in a narrow range of the band gap.!!”! Achieving the phononic
band gap and defect mode is the fundamental process in de-
signing PhC devices. So far, many phononic structures have

18191 and designed structures

been presented in various fields!
with sensing performance will now be briefly discussed.

In 2019, Mehaney designed a PhC sensor for neutron de-
tection. This structure is made of epoxy and concrete, which
are repeated alternately in one dimension. When the struc-
ture is exposed to a neutron beam, due to the heat generated
by the neutron beam, the Young’s modulus of the materials
that make up the structure changes and shows its effect in the
width of the phononic band gap of structure.?°! Gharibi et al.
proposed 2D PhC sensors with a steel background and water
holes to sense the concentration of propanol in water. This
structure includes a Mach—Zehnder defect with unequal path-
ways as the frequency resonator. Due to the asymmetry of the
paths, the phase difference created in the passing sound wave
is effective in removing excessive frequencies in the output,
and this has an important effect on increasing the efficiency of
the structure.>!! In other work, Gharibi and Mehaney intro-
duced a 2D structure with water rods in a mercury background
to detect the concentration of H,O» in water. This sensor had a

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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cavity defect as a frequency resonator with the target material
embedded there. The performance parameters of this structure
have a high sensitivity and quality factor for sensing.!”) Also,
Khaligh et al. introduced a structure with hollow cylinders in
the steel host and a cavity region to detect the acetic acid con-
centration in a vinegar mixture. The performance parameters
of this structure show acceptable values. A quality factor of up
to 40926 was obtained in the extremely fine mesh case.?? In
addition to sensor applications, these types of structures have
also been used for temperature detection.?3! In addition to 2D
structures, 3D structures have been investigated in a limited
way; however, due to the complexity of building these struc-
tures, they have not been used much.!'3! Considering all dis-
cussions, our aim is to conduct further research with more de-
tail.

In this paper, a new method based on 2D PhCs with high
sensitivity has been proposed to detect the percentage of D,O
in an HoO-D,O mixture. Results and transmission spectra of
the incident acoustic wave were calculated by the finite ele-
ment numerical method (FEM).

2. Design procedure

As a first step, a 2D solid—solid PhC structure is assem-
bled as a square array of tungsten rods and an aluminum host.
The value of the filling fraction of the structure is designed
as mr? /a*> = 0.5, where r = 4 mm is radius of the scatterers
and a = 10 mm is the lattice constant. Since the elastic prop-
erties of the materials used in the structure are very relevant

1,24 the properties of the materials used in this

to its behavio
structure are also mentioned. Table 1 shows the physical pa-

rameters of the utilized materials.

Table 1. Elastic parameters of the materials utilized in the unit cell.

Material Mass density Poisson’s ratio Young’s
(kg/m?) modulus (GPa)
Aluminum 2700 0.35 70
Tungsten 19350 0.28 411

In order to obtain the band diagram of the periodic struc-
ture, eigenfrequencies in the irreducible Brillouin zone (IBZ)
were calculated by the Bloch—Floquet theory. In this way, peri-
odic conditions on unit cell lateral boundaries must be applied
and the wave vector (ky, ky) should be swept on both I'X and
I'M directions of the IBZ. Figure 1 depicts the perfect struc-
ture of a unit cell including a tungsten rod in the aluminum
host along with the corresponding band diagram.

According to Fig. 1(b), the band gap of this structure is
wide at about 70 kHz. The wide range of forbidden gaps helps
us to realize more targeted concentration sensing.

In order to guide the input signals to interact with the tar-
get material and receive the interacting signals at the output,
a guiding channel must be created. Insofar as any changes in

the periodicity of the structure lead to excessive modes in the
phononic band gap, supercell analysis is necessary to detect
the new modes. Figure 2 shows a supercell of the proposed
guiding branch along with the results of supercell analysis.
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Fig. 1. (a) Schematic of the unit cell with the corresponding IBZ.
(b) Calculated band diagram corresponding to the designed 2D PhC in
the perfect case.
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Fig. 2. (a) Overall view of a supercell of the waveguide. (b) Corre-
sponding band diagram with two excessive defect modes (solid lines)
in the forbidden region.

Figure 3(a) shows that the defect consists of a steel cylin-
der surrounded by a water shell. The radii of the steel and
water cylinders are equal to 4 mm and 4.5 mm, respectively.
Table 2 shows physical details of the defect materials.

Because the target sample is an H,O-D,O mixture, a re-
gion should be considered for target testing and analysis. So,
a cavity including an empty region with different concentra-
tions of D,O mixtures for testing is embedded in the perfect
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structure. Different concentrations of a mixture have differ-
ent acoustic properties. The acoustic properties of H,O and
D,0 have been previously investigated at 20 °C and 1 atm
conditions.[?>%61 At T = 20 °C, the speed of sound and mass
density of D,O are equal to 1383 m-s~! and 1054 kg-m 3, re-
spectively. As the amount of D,O in the mixture increases,
the sound speed and density linearly decrease and increase,
respectively, so we can estimate the acoustic parameters of
the mixture with different concentrations of D,O. Three-
dimensional schematics of the optimized PhC structure are
shown in Fig. 3.

Aluminum
@® Tungsten
Steel

Water
[ ) DQO—HQO mixture

Fig. 3. Schematics of the complete proposed structure.

Table 2. Physical parameters of constituent materials in the defect.

Mass density Speed of Young’s Poisson’s

Material

(kg/m3) sound  modulus (GPa) ratio
Stainless steel 7780 - 210 0.28
Water 993 1483 - -

In order to detect the target materials in the structure, a
cavity is embedded inside it. The optimized dimensions of the
cavity cylinders are the same as those of the waveguide cylin-
ders. As can be seen in Fig. 5, to reach the optimum acoustic
wave resonance in the cavity, the lateral rods in the cavity are
been shifted inwards by 0.5 mm. The transmission spectrum
of the complete structure with pure water inserted in the cavity
(sensing region) is illustrated in Fig. 4.
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Fig. 4. Transmission spectrum of the complete structure with pure water
in the cavity region.

According to the results, two resonance peaks are ob-
tained in the band gap region. The resonance mode with a
higher frequency is more suitable for sensing applications due
to its larger amplitude. In the next section of this paper, trans-
mission spectra of the structure for two concentration ranges
(0%-10% and 90%-100%) of D,O in the H,O-D,O mixture
are obtained and analyzed.

3. Sensing

For sensing applications, different concentrations of the
sample are added to the cavity region. The transmission spec-
tra of the structure are illustrated in Fig. 5 for D,O concentra-
tions in the mixture of 0%—10%, and Fig. 6 shows the shift of
resonance peaks for concentrations of D,O in the mixture of
between 90% and 100%.

1.0 . . . . . . .
—— Water (0%)
-=-Dy0 1% 1
0.8F — D20 2% | 4
5§ | Thoix |
—— 4%
% 0.6F DZO 5% |
= 7 —Dy0 6% |
e |
5 04 plo g% |
H"‘ - -Dy0 10% |
0.2f ‘ !
0 ., _’ —_:J _;'_L_ L LL -
203.5 204.5 205.5 206.5 207.5

Frequency (kHz)

Fig. 5. Transmission spectra for diverse concentrations of D,O in an
H,0-D;,0 mixture (0%-10%).
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Fig. 6. Transmission spectra for diverse concentrations of D,O in an
H,0-D;,0 mixture (90%—-100%).
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Fig. 7. Distribution field of applied wave with a frequency of
194.556 kHz through the final structure.
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As mentioned before, for each concentration there are two
resonance modes, but the resonance mode with a higher am-
plitude can be more practical and is chosen for sensing pur-
poses. Extreme sharpness and sufficient frequency limitation
from peak to peak enable the sensor to detect the target with
minor concentration changes. Figure 7 shows field distribu-
tions of acoustic waves in the proposed sensor structure for an
example frequency of 194.556 kHz.

In the next section the performance parameters of the
structure according to the obtained results given in Tables 3
and 4 are calculated.

4. Sensor performance

Many factors can be used to evaluate sensor performance.
In this section, we determine some important ones for analyz-
ing the performance and capability of this sensor. The sensi-
tivity index is calculated by !

_Vv/

S
Vx’

ey
where the frequency limitation between each concentration of
D, 0 compared with zero is defined as V f, and Vx corresponds
to differences in concentration. The peak frequency of pure
water is considered as zero.

Quality factor (Q) is another important index defined by
the following equation: !

_f
fip

where the full width at half maximum (FWHM) of the reso-
nant mode is fi ;.

@

The equations below represent other important indices for
sensor performance, the signal-to-noise ratio (SNR) and the
figure of merit (FOM): °!

S
FOM = , 3
Vi
vf
SNR = . “)
Viin
The resolution index (R) is determined by the following
equation: !
fr
R==. 5)
Q

The calculated performance indices of the proposed D, O sen-
sor are shown in Tables 3 and 4 for two concentration ranges
corresponding to the transmission spectra depicted in Figs. 5
and 6. The parameters demonstrate very acceptable perfor-
mance of the proposed sensor.

Table 3. The performance parameters of the DO PhC sensor (0%—10% concentration range).

D-0 Resonance g sitivity (Hz) FWHM (Hz) Quality facor FOM  SNR R (H)
concentration (%) frequency (kHz)
0 (H,0) 206.971 0 6 34495.16 - - 6
1 206.8426 12840 3.6 57456.27 3566.6 35.66 3.6
2 206.72605 12247.5 2 103363 6123.75  122.475 2
3 206.6062 12160 0.14 1475758.5 86857.14  2605.71 0.14
4 206.488 13075 2.8 73745.71 4669.64 172.5 2.8
5 206.380 11820 1.4 147414.2 844285  422.14 14
6 206.241 12166.66 1.46 141260.9 8333.3 500 1.46
7 206.118 12185.71 1.8 114510 6769.8 473.88 1.8
8 205.996 12187 2.8 73570 4352.5 348.21 2.8
9 205.873 12200 3.8 54177.1 3210.5 288.94 38
10 205.750 12210 4.5 45722.2 2713.3 271.33 4.5
Table 4. The performance parameters of the D,O PhC sensor (90%—-100% concentration range).
D20 Resonance ¢ itivity (Hz) FWHM (Hz) Quality factor FOM  SNR R (Hz)
concentration (%) frequency (kHz)
90 195.797 12415.5 7.4 26459 1677.7 1510 7.4
91 195673 12415.5 52 37629 2387.5  2172.6 52
92 195549 12415.2 39 50140.7 3183.3  2928.7 39
93 195425 12415.05 3 65141.6 4138.35 3848.6 3
94 195301 12414.8 2.35 83106.8 5282.8  4965.9 2.35
95 195178 12413.6 2.33 83767.3 53277  5061.3 2.33
96 195054 12413.5 1.6 121908.75 7758.43  7448.1 1.6
97 194930 12413.4 1.2 162441.6 10344.5 10034.1 1.2
98 194805 12414.2 2.33 83607.2 53279 52214 2.33
99 194681 12414.1 1.4 139057.8 8867.2 87785 1.4
100 (D,0) 194556 12415 2.6 74829.2 4775 4775 2.6

044301-4



Chin. Phys. B 33, 044301 (2024)

The sensitivity limitation is between 11820 and 13075
and the Q factor reached a maximum value of 1475758 (min-
imum 26459).
sensor has the best performance compared with the other
phononic and PhC sensors proposed in the literature.27-28]

These parameters prove that the presented

5. Fabrication tolerance

Considering that errors that may occur during the con-
struction process have an impact on the results obtained, we
investigated the effect of these errors on the final results. Man-
ufacturing errors may occur in any part of the structure, such
as the lattice constant, the radius of the structural rods or
the waveguide, etc. Here we only investigated the effect of
changes in the radius of the rods in the waveguide part and the
main part of the structure where the target material is placed.
The results obtained for a 100% concentration of D,O with
errors of —0.2 < Ar < +0.2 mm in the radii of the waveguide
and cavity area containing H,O and D, O are shown in Figs. 8
and 9.

0.6 T

----- Ar=—-0.2 mm
0.51 --Ar=-0.1 mm
0.4} — Ar=0 mm

Transmission
=}
w

P WP S | L
191 192 193 194 195
Frequency (kHz)

Fig. 8. The effect of changes in the radius of the waveguide and cavity
on resonance peaks (—0.2 mm < Ar < 0).

0.6
— Ar=0 mm
0.5F _. Ar=+40.1 mm
a | o Ar=+40.2 mm
S 0.4f
1)
2
£ 0.3}
2]
=l
s 0.2f X
& : ' '
0.1f ’ :
: | .

0 il i "
191.5 192 192.5 193 193.5 194
Frequency (kHz)

194.5 195

Fig. 9. The effect of changes in the radius of the waveguide and cavity
on resonance peaks (0 < Ar < +0.2 mm).

As seen in Figs. 8 and 9, changes in the radius of the
rods cause a shift in the resonance frequency. But the note-
worthy point is that the changes in the radius have in each case
reduced the resonant frequency, with the difference that reduc-
ing the radius from the optimal state causes more changes than
increasing the radius from the optimal state.

6. Structural losses

Considering that the inherent characteristics of the mate-
rials used in the structure can cause losses in the applied sound
wave, we investigated the effect of losses on the final result.
The isotropic loss factor (1) of the metals used in the struc-
ture is considered as 0.5 x 1074, The dynamic viscosity (1)
of H,O and D,O are taken as 1 mPa-s and 1.2 mPa-s, respec-
tively, and their bulk viscosity (u) is taken as 2.4 mPa-s. The
losses of the structure are calculated in percentage concentra-
tions of 10% and 90% D,O and are compared with the values
without losses in Figs. 10 and 11, respectively.

The results obtained from Figs. 10 and 11 show that the
loss has no effect on the shift of the resonance peak and causes
a reduction of the resonance peak amplitude compared with
the state without losses. The change of resonance peak am-
plitude affects the sensor performance parameters that were
introduced in Section 4. Therefore, the performance parame-
ters of the sensor considering the losses in the structure were
calculated and are shown in Table 5.

As can be seen in Table 5, the reduction of the ampli-
tude of resonance peaks causes an unfavorable increase in the
FWHM, and the increase of this key factor affects other per-
formance evaluation parameters and reduces the quality of the

structure.
0.8 T T T T T T
— D50 10%
ithout los
g 06 | withou 0ss
A =-=Dy0 10%
2 with loss
g 0.4t J
2}
=] A
g i
= 0.2F i 1
0 n 1 1 i
205.68 205.72 205.76 205.80

Frequency (kHz)

Fig. 10. Comparison of resonance peak changes in the state without
losses compared with the state with losses for a percentage concentra-
tion of 10% D, O and resonance frequency of 205.750 kHz.

0.3
— D»0O 90% 1
without loss
0.2 —-- D,0 90%
with loss

Transmission

195.78 195.82
Frequency (kHz)

0
195.74

195.86

Fig. 11. Comparison of resonance peak changes in the state without
losses compared with the state with losses for percentage concentration
of 90% D,0 and resonance frequency of 195.797 kHz

Table 1. Sensor performance parameters considering structural losses.

D20 Resonance - g tivity (Hz) FWHM (Hz) Quality factor FOM SNR R (Hz)
concentration (%) frequency (kHz)
10 205.750 12210 8 257187 1526 1526 8
90 195.797 12415.5 9 21755 1356 1241 9
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7. Conclusions

We have presented a phononic crystal structure for the
purpose of detecting D,O concentration in the sensing field.
In order to analyze the structure in the frequency domain, the
finite element method was used. The resonance frequency of
the cavity can be changed by modifying the D,O concentra-
tion. The frequency gap between each two neighboring peaks
is about 120 Hz for each 1% change in concentration. The
figure of merit results showed high-quality performance of the
structure. Low cost and a simple manufacturing process are
two reasons for using this sensing method rather than the other
mentioned methods.
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