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ABSTRACT

Since the COVID-19 pandemic, protection against pathogenic germs and surface disinfection have
become critical issues. Most effective bacteria/virus inactivation methods are either power-consuming
or require using caustic chemical substances. Herein, thermal inactivation appears to be an affordable
and effective technique as long as high temperatures are reached quickly and long-termly maintained.
Therefore, the preparation of a chamber that accomplishes this purpose has been envisioned, designed
and manufactured, allowing significant germ inactivation and offering an effective tool for water puri-
fication stations. In this regard, this work proposes applying 16-16-65-nm laser-illuminated gold na-
norods (AuNRs) as a non-standard heat source, which can produce the generated heat inside a consid-
ered volume. Consequently, the locations of AuNRs deposited on glass platforms, stuck on the inter-
nal or external chamber’s walls, from two sides, were investigated to intensify the heat transfer pro-
cesses upon the entire chamber. To verify the efficiency of the energy conversion from light to heat,
spectroscopy techniques and laser power meters were used. Similarly, temperature fields at the illu-
minated platforms were solved using the Computational Fluid Dynamics (CFD) equations and two
different theoretical models which adopt the Rayleigh approximation and consider the delivered heat
flux with a fixed efficiency, respectively. The considered Models were verified using a calibrated and
highly-resolved thermal camera. Upon 900-mW 808-nm laser illumination for 50 min, the tempera-
ture of the platforms increased by AT =~ 57.1°C and AT = 388.3°C for an unfocused and focused
beam, respectively. However, the quickest heat diffusion process is visible when the AuNR platform
is situated in the internal position of the chamber, offering AT =~ 39.4°C after 50 min of illumination.

Keywords: energy conversion, gold nanorods, bacterial disinfection, germicidal chamber, CFD
1 INTRODUCTION

For ages, civilizations have been exposed and been sensitive to diseases spread by germs, which infect
animals and potable water. This usually contributes to severe illnesses and increases local epidemics,
which is a challenge to overcome in poor countries. Although global diseases happen rarely, the epi-
demic outbreaks are not usually nipped in the bud, and therefore still not fully controlled, which usu-
ally contributes to global severe situations. Thanks to mass media, the last one, COVID-19 pandem-
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ics, brought bigger social awareness of germ protection and disinfection, and therefore the necessity
of bacteria and viruses elimination has become an everyday habit for the majority of people.

Research suggests that conventional methods such as chemical disinfectants and filtration systems,
while effective, often do not provide a rapid response to severe microbial epidemics. Thermal inacti-
vation has emerged as a powerful alternative, due to its effectiveness across a wide range of microbial
risks. For example, bacteria can generally be inactivated at around 65°C (Wen et al., 2022), but more
resistant viruses, such as SARS-CoV-2, require temperatures approaching 95°C (Hemati et al., 2021).
However, conventional heating methods are energy-intensive and slow; thus, pointing to the lack of
fast and efficient heat application technologies (Klein ef al., 2023). Innovative solutions, such as the
use of nanotechnologies, have been explored in recent publications (Zaccagnini et al., 2023). Gold
nanorods (AuNRs), for example, have been studied for their unique ability to efficiently convert light
into heat when integrated into a biocompatible platform. Likewise, AuNRs have been applied for can-
cer therapy or imaging using near- and short-wave infrared lasers (Wang et al., 2024; Lingg et al.,
2023).

Consequently, gold nanorods (AuNRs) have been selected in this work due to their effectiveness in
energy conversion. AuNRs are highly attractive photothermal conversion agents owing to their ab-
sorption and scattering in the visible and near infrared ranges. They offer high photothermal conver-
sion efficiency, tunability of optical properties by controlling the synthesis conditions and relatively
straightforward surface modification to achieve the biocompatibility. Moreover, AuNRs present two
plasmon bands associated to absorption and scattering along their long and short axes (Link et al.,
2000; Liz-Marzan et al., 2020; Murphy et al., 2011). Recent studies (Shao et al., 2022; Peng et al.,
2022) show that AuNRs can be effectively applied in both bacteria and virus deactivation.

Herein, 16-16-65-nm AuNRs, which are embedded in the electrically ungrounded platform, can
achieve rapid temperature increases, converting the incoming light to heat with a high efficiency
(even 70%), which is crucial for rapid microbial inactivation. Nonetheless, the challenges appear
when accelerating heat diffusion on the entire chamber is considered in order to achieve uniform tem-
perature distribution, which is not a trivial issue. On the first hand, electric-grounded platforms imply
using low-thermal-conductivity materials, which provides slow heat transfer and high temperature
increase at the same time. On the other hand, if metallic platforms were adopted, it would reduce the
heating time, but the temperature would not be sufficient to inactivate the total amount of germs.
Hence, the combination of low- and high-diffusive materials strongly affect the germ inactivation
effectiveness, and the system. In the field of Computational Fluid Dynamics (CFD), numerous works
have been conducted to analyze flow and heat transfer inside square and rectangular cavities, under
3D (Li et al., 2024) and 2D assumptions (Ji ef al., 2024). Amongst the parameters which influence the
flow and heat distribution, particularly, the intensity and location of the heat source (Zhan et al.,
2019) or the geometric shape of the chamber (El Moutaouakil et al., 2021) have been studied.

The purpose of this work is to examine which location (position) of the AuNR platform would bring
the highest and the quickest temperature increase with uniform distribution in a germicidal chamber
which was designed to provide fast heat diffusion, like in the Qu et al., 2023 paper. This could assist
to optimize the construction where germs and microbes are to be inactivated effectively.

2 METHODOLOGY

2.1 Energy conversion by light-illuminated AuNR platforms

The energy conversion rate determines the total amount of energy which is directly responsible for the
heat production. Nevertheless, it is indicated to distinguish the total efficiency, nror, the photother-
mal efficiency, npr, and the absorbed part of irradiation which are related to each other. In a classical
mode, the absorbance can be established by using the Lambert-Beer-Bourger law, as follows:
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It is noteworthy to emphasize that Ry,;, 7pr and Cey; are truly functions of incident wavelength, 4, and
the maximum efficiency can be easily shifted and adjusted for different nanoparticle’s shapes and
sizes, and moreover — for different working media and platform’s materials. Therefore, the balance
between an incoming light and nanorods’ properties is a crucial issue to reach the plasmon resonance,
which provides the greatest temperature increase. To establish the energy conversion rate in the simu-
lations, two different approaches are compared and confronted with the experiments. The first model
(Model I) specifies the energy conversion of gold nanorods from light into heat by the volume source
term in the energy equation, according to Radomski’s et al. (2021; 2023a;b) papers:

Se = (5 : (nPT : Cext)) : % '
((1=Ryp) (1= Rp) - (FF) - (1= exp(=(ds +2 - der) - (£ pr - Cex)))) @)

where the photothermal efficiency, npr, is described by Pelton and Bryant (2013) and Jiang et al.,
(2013) models, as follows:

n — Caps(ds,didcr/€aunw.A) . 1 —1_ Csca(ds,didcr €awnw,A) . 1 (3)
PT ™ Core(@sdrdereannud) 1420 Cext(dsdrdcr EaunwA)  14+-—10
Psat(§) Psat(§)

and the optical cross-sections, Cpy¢, Cscq and Cyps, are determined by the Rayleigh-Drude approxima-
tion (Bohren and Huffman, 1983; Radomski et al., 2024) following the double-layered ellipsoid
shape. As may be realized, the power correction implies that the source of energy increasing reaching
plateau as the power increase. The inversely relations, however, are visible for the correlation between
the source of energy and saturated power, although both parameter flattens. Depending on the nano-
particles concentration, &, the saturation power is assumed empirically from SEM/TEM images and
from experimental results (Zaccagnini et al., 2023), as follows:

Py (§) =156 +1.13 - 10723. & @

where the number of AuNRs per volume (concentration) is assumed empirically by:

2
T (dg+2-dCT+¢)2-(dj+2-dCT+¢) )

§

The second approach (Model II) assumes energy conversion as a heat flux, and describes the deliv-
ered heat by the total efficiency, according to the formula:

n — Iabs ~ Paps —
TOT Io - Py

= (1=Rp) - (1= Ry) - (FF) - (1= exp(—(ds +2-dep) - (§ - (hpr - Cews))))  (6)

where the fill factor, FF, is assumed as:

FF = (ds+2-der)-(di+2-der)
(ds+2-der+)-(di+2-der+@)

(7

Different techniques can be applied to examine the transmission part, like spectroscopy measurement
or power metering. The first one allows to fix the reflected part to zero by calibration processes, and is
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frequently presented in a logarithmic scale, whereas power metering takes the advantage of determin-
ing transmitted part, and hence the conversion efficiency, at each selected positions.

Moreover, Model I assumes a gaussian distribution in space regime, which is expressed by the formu-
la:

2
Py = Puax - exp (-2 (Z)) ®)

where 7 is the radial coordinate from cylindrical system, and D, is the sample spot diameter.
On the other hand, model II averages the delivered heat in the whole round sample spot, yielding:
Dgyp/2 (2 7\2
Sy Puse e (<2 () ) ag ar

oo ©

A 1
2

Table 1 specifies the AuNRs dimensions and the parameters required for the CFD calculations. Size
and shape distributions of nanorods are assumed to have lorentzian and gaussian curves, respectively,
where the error is associated with the curve’s variance.

Py =

Table 1 Assumed AuNRs and laser parameters which enable calculation of temperature contours
(Zaccagnini et al., 2023; Radomski ef al., 2023a)

Parameter Symbol Value Unit
AuNRs dimensions dsxdsxd; | (16.0£3.0)x(16.0£3.0)x (65.0+9.0) | nm
Size of capping agent (CTAB) der 4.0 nm
Distance between nanoparticles 1) 1.3 nm
Nanoparticle number concentration | & (4.7 +£1.4)-10% m”
Saturated power Psat 2.091 W
Incoming light power Py 0.900 W
Beam sizes B 4.0 or 2.5 mm
Incident wavelengths (nm) A 640 808 nm
Refractive index of water Ny, 1.3331490 1.328084 -
Refractive index of air Nair 1.000278 1.000279 -
e —12.183069 —24.873107
Permittivity of gold Eau +1.173409 - i +1.554937 -1 |°
Reflected part of light for platform | Ry, 0.154347 0.284140 -
Refractive index of ner 1524937 1520564 ]
the capping agent
Photothermal efficiency Npr 0.967319 0.856535 -
Reflected part of light for platform | R,,; 0.0431885 0.0426189 -

2.2 Considered systems

A water-filled germicidal chamber has been designed so as to enable measurements both inside and
outside the chamber. The chamber is made of aluminum PA6 alloy and polycarbonate (PC) glass from
one side. Furthermore, to examine the heat transfer processes, three positions have been selected —
inside the chamber at the PC glass wall (Pos 1), at the back (Pos 2) and at the side aluminum wall
(Pos 3), respectively. AuNRs have been deposited on a thin 1-cm round borosilicate glass with an 8-
mm diameter spot and dried at 70°C for 15 min. Figures 1 reveal these three positions of the platforms
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which are sandwiched using two pieces of the glass separated by a AuNRs slab and a NOA-61 trans-
parent glue to join pieces and to protect AuNRs against their extrication or spilling out (Figure 2).

Pos 1 Pos 2 Pos 3
Compensation hole Compensition hole CDmPeﬂSiﬁon hole

T—

< S — N
L =" ¢
Platform Platform Platform

Figure 1: Scheme of the 1.3-cm manufactured germicidal chamber with the laser-illuminated plat-
forms glued to PC glass and aluminum walls set at three key positions (Pos). Hole marked by blue
color prevents against undesirable pressure destruction.

_——— AuNRs slab

1mm 8mm 1mm

Figure 2: Scheme and dimensions of the sandwiched platform with a AuNRs slab

2.3  CFD numerical methods

To solve temperature distributions, the ANSYS software, v. 23.2, has been chosen. As a solution
method COUPLED algorithm is selected with the second-order upwind schemes. Simulations concern
solving computational-fluid-dynamics (CFD) equations, including mass conservation, momentum,
energy, turbulence, and dissipation balance equations. The geometry of the chamber has been discre-
tized to non-structural grids, whose mean size equals Lg = 80 pm, and results have been extrapolated
to the maximum numerical errors, 0.5% and 2.0% for temperature and velocity regimes, respectively.

The boundary conditions are fixed to mixed conditions, whereas initial conditions have been deter-
mined by using the calibrated weather station in the laboratory at T, = 20°C, p, = 1009 hPa,
Hy = 35%. Necessary thermal properties of the applied materials are visible in Table 2, whereas Table
3 details mixed boundary conditions, including convection and radiation processes. With respect to
CFD calculations, boundary conditions play a key role both in properly describing the physical phe-
nomena occurring at the interface and in verifying the agreement of the model with experiment
(Ziotkowski and Badur, 2018).
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Table 2 Material properties used in this work (Zaccagnini et al., 2023; Radomski et al., 2021; URL 1)

Material Property Value Unit
Density, p 2,790.00 kg-m—3
Aluminum PA6 Specific heat capacity, ¢, 873.00 J kg™t K71
Thermal conductivity coefficient, k 134.00 W-m1-K?!
Density, p 1,198.00 kg-m—3
PC glass Specific heat capacity, c, 1,199.00 J-kg™1- K1
Thermal conductivity coefficient, k 0.20512 W-m™1-K1
Density, p 998.20 kg-m~3
Water Specific heat capacity, ¢, 4,181.88 J-kg™1-K™1
Thermal conductivity coefficient, k 0.60343 W-m™t.-K1
Dynamic viscosity, 9.8484-10” Pa-s
Density, p 2,124.9 kg-m~3
Borosilicate glass Specific heat capacity, ¢, 779.74 J kg™t K71
Thermal conductivity coefficient, k 1.15 W-m™t.-K!
Density, p 1.225 kg-m—3
Air Specific heat capacity, ¢, 1,006.43 J kg1 K1
Thermal conductivity coefficient, k 0.0242 W-m™1-K?!
Dynamic viscosity, 1.9-10” Pa-s
Density, p 1,290.00 kg -m—3
Glue Specific heat capacity, c, 1,100.00 J-kg™1- K1
Thermal conductivity coefficient, k 0.50 W-m™1-K!
Dynamic viscosity, 0.30 Pa-s
Density, p 19,320.00 kg-m—3
Gold Specific heat capacity, ¢, 129.81 J-kg™1-K™1
Thermal conductivity coefficient, k 317.00 W-mt.K?!

Table 3 Details of the assumed boundary conditions (Siegel et al., 1972)

Material | Type of boundary Parameter Unit
conditions
) Heat transfer coefficient, h | 10.0 W-m~2-K™1!
Aluminum . —
PAG Mixed Emissivity, € 0.77
Initial temperature, T 20°C
Heat transfer coefficient, h | 10.0 W-m™2 K1
PC glass Mixed Emissivity, € 0.92
Temperature, Ty 20°C
Heat transfer coefficient, h | 5.0 W-m™2-K™!
Glue Mixed Emissivity, € 0.93
Initial temperature, T 20°C
Borosilicate . Heat trans.fer.C(.)efﬁcient, h | 136W-m™2-K1
glass Mixed Emissivity, € 0.957
Initial temperature, T, 20°C

3 RESULTS

Figure 3 presents theoretical, achieved with the Models I and 11, and experimental spectroscopy re-
sults (Spectrophotometer Thermo Fisher Scientific Evolution 220) calibrated to a water-filled cuvette.
As may be noticed, two absorbance peaks appear at ~520 nm (green color) and ~835 nm, whereas the
second one implies much higher energy conversion. Furthermore, Models are compared with experi-
ments using laser power meter (Gentech | IMAESTRO with detector 11UP19K-15S-HS from the
Standa Ltd. company) which averages power from the reading area, performed in Model II. Accord-
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ing to the theoretical results for =640 nm and A=808 nm, the total efficiency equals 0.42714 and
0.66061, respectively, which corresponds promisingly with the experimental data. The visible dis-
crepancies are supposed to be explained by the temperature effects of the discussed thermo-optical
properties, which has not been included in this work. Hence, the comparison satisfies the agreement
between experimental and theoretical results, and the energy conversion is valid if the Rayleigh crite-

.2 .
rion, — > d;, is not reached.
21 L

(@)

1.40

i.2g] " =~ Sheory

1.00;

ABS

0.60
0.40

0.20

0.00 ‘
400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0

Wavelenght (nm)
(b) (©)
1.00
=— Rayleigh criterion = 16-16-65 nm ‘ — 640 NM
0.80 = 808 nm
=35 Model
0.60
T
c
L e e e T T T T T T renpeenpee
2 0.40
£
0.20
0.00 \ H . 0.
400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 0.0 30.0 60.0 90.0 120.0 150.0 180.0
Wavelenght (nm) Time (s)

Figure 3: (a) Theoretical (Model I) and experimental results (exp) of gold nanorod platforms ab-
sorbance (ABS) over incident wavelength, A; (b) theoretical results (Model II) of the energy con-
version efficiency, nror, over incident wavelength, 4; (¢) laser power meter measurements of gold
nanorod platforms presented in Figure 2.

Moreover, Figures 4 compare the steady-state temperature contours using the two presented models
for the third location (Pos 3), which are also confronted with the InfiRay T600 thermal camera meas-
urements. As may be noticed, experimental results present the temperature increase of
ATeyp = 57.1°C after 30 minutes, which confirms the effectiveness and the potential of applying gold
nanorods in this area. From the theoretical point of view, the Model I, where the temperature increases
by AT; = 58.6°C, appears to exhibit better agreement with experiments than the Model II, which pro-
vides AT, =~ 35.2°C.

Nevertheless, due to the fact that the considered Models offer similar values of mean temperature in
the fluid zone, it is presumed that averaging the energy conversion in the whole sample spot affects
the visible discrepancies in the energy conversion rate and the maximum temperature, reaching a doz-
en Celsius degrees difference between these two models. Hence, both Models are expected to provide
similar results as long as the spatial distribution of the beam would be included. However, the Model
II requires less processing time. Therefore, its performance points out the necessity for calibration in
spatial regime against empirical data to ensure reliability, especially in critical applications such as
germicidal efficacy (Xu et al., 2003).
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Model I Model 11 Experiments
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4.87

55,248
54,488
53,727
52,067
52,207
51,447
50,687
49,027
49,167
48407
a7,647
46,886
46,126

Temperature
7859
7652 55.248
74.45 54,488
iy o
68.25 %7
66.18 52,207
64.11 51,447
62.05 50,687
58 el
55.84 49,167
s i
49,64 anbar
47.57 46,886
4550 46,126

rc

Figure 4: Side (up) and diagonal (down) views of the steady-state temperature distributions for the
Pos 3 case from Model I (left), Model II (middle), and thermal camera results (right)
after 20 min of illumination
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Figure 5: Steady-state temperature distributions of penetrated system for the three assumed platform
positions, Pos 1 (left), Pos 2 (center), Pos 3 (right), and for two beam sizes
(B1=2.5 mm (up) and B,=4.0 mm (down))

Consequently, on the basis of the energy conversion results, transient temperature contours of the
germicidal chamber for the three platform positions are investigated for the Model 1. Figures 5 reveal
the steady-state results for two beam sizes, B; = 2.5 mm and B, = 4.0 mm, when mean temperature
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values have been flattened and velocities have stagnated. Likewise, Figure 6 reveals transient results
of the time responses of the average magnitude of velocity and the average temperature in the fluidic
zone for each location and two beam sizes.

120.0 70.0
Pos 1: B=2.5 mm
Pos 2: B=2.5 mm
100.0 60.0 Pos 3: B=2.5 mm
I g == Pos 1: B=4.0 mm
25 | 2R Pos 2: B=4.0 mm
@ 80.0 P — @ 50.0f""""" Pos 3: B=4.0 mm Al
2 Pos 2: B=2.5 mm 2 R
[ Pos 3: B=2.5 mm 2 e
2 60.0 -+ Pos 1: B=4.0 mm 2 40.0 o
E <- POS2:B=40mMmM | et E [ oatieea
K] cr Pos3:iB=40mm | L Laeeetttt g =
400f T 3000 =
20.0 0.0
00 50 100 150 20.0 250 30.0 350 40.0 450 50.0 0.0 5.0 100 150 20.0 250 30.0 35.0 40.0 45.0 50.0
Time (min) Time (min)

Figure 6: Time responses of the maximum (left) and average temperature (right) in the fluidic volume

As may be noticed, the obtained results imply reaching the highest temperature inside the system (Pos
1), 408.31°C. Likewise, the most promising heat transport processes and where heat diffusion is the
fastest is visible for the case where the platform is located inside the chamber (Pos 1), and where the
beam is focused. For that position, the average temperature equals 59.36°C after 50 min of irradiation,
although the boiling point of water is reached in less than a few minutes. Hence, focusing the laser
beam increases the maximum temperature and absorbed power, and it brings the highest heat trans-
portation. Nevertheless, the mean temperature in the chamber still rises for a long time (over 50 min).
Therefore, it is indicated to emphasize that 20 min time of illumination is not sufficient to reach the
steady-state condition what might be the reason why the side view’s temperatures (Figure 4) are not to
be compared to the experiments. In order not to falsify and to validate selected Models completely, a
few hours of illumination should be performed for further heat diffusion, which requires an additional
cooling system for laser operations to preserve the uniform power over the total irradiation time.

Considering thermal processes, it is worth realizing that AuNRs require much less energy in the same
time than standard kettles which consume even 1 kW to reach 99°C, which appeals strongly for apply-
ing AuNR as a steam generator. Likewise, germs can be inactivated effectively by either thermal abla-
tion, like for Pos 1 case, which provides irreversible modifications in their structures, or reaching the
minimum temperature on average in the considered volume in a short time. The obtained results sug-
gest that although the first position (Pos 1) is much more preferred for the microbe’s thermal ablation,
in the long run, the effectiveness of the process is still time-consuming regardless of the considered
location. Therefore, some modifications in the internal fluid are advised, like including high thermal-
diffusivity materials. This is the future challenge to optimize the chamber, reflecting the study in this
work.

4 CONCLUSIONS

The potential of gold nanorods for thermal processes is highlighted at the designed germicidal cham-
ber where three different AuNR-platform positions have been illuminated. It has been discovered that
locations (positions) of the gold nanorod platforms affect the efficient energy conversion. However,
the temperature in the designed chamber, when the steady state is reached, is similar for each of the
studied positions, although the Pos 1 (inside the chamber) provides the highest temperature increase,
and exceeds the rest two locations. The average temperature in the chamber requires long time to
reach the satisfied value due to the relatively low diffusivity of water. If the bacteria inactivation pro-
cesses are taken into account, gold nanorod platforms are indicated to be attached to the transparent
wall inside the chamber and be illuminated by a focused beam. Moreover, both presented theoretical
models, after slight corrections, can assist to predict and to study the temperature distributions in the
entire chamber. Well-designed germicidal chamber will contribute to the pursuit of a sustainable,
COs-neutral future. Additionally, with heat generated from green technologies, this germicidal cham-
ber has the potential to mitigate CO, emissions.
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NOMENCLATURE
Roman letters
B beam size (m)
Caps  absorption cross-section (m?)
Cext  extinction cross-section (m?)
Cscq  Scattering cross-section (m?)
cp specific heat capacity of a material (J-kg1-K™1
Dy,  spot diameter of gold nanorod sample (m)
der size of capping agent (m)
d; long diameter of a nanorod (nanorod’s length) (m)
dg short diameter of a nanorod (nanorod’s size) (m)
FF fill factor (-)
H, ambient humidity (%)
h heat transfer coefficient (W-m™2-K™*)
Iy incident intensity of light (W-m™2)
I,ps  absorbed intensity of light (W-m™2)
k thermal conductivity coefficient of a material (W-m™1-K™1
Lg grid (mesh) size (m)
ner  refractive index of capping agent ()
Ny refractive index of working medium (here: water) (-)
P,ps  absorbed power (W)
Py incident power of light W)
Psq:  saturated power as a function of NRs concentration W)
Po ambient, initial atmospheric pressure (Pa)
Ry,  reflected part of gold -)
R,;  reflected part of light for the platform )
Se source of energy conversion of gold nanorods (W-m™3)
Ty initial temperature (K)
T transmittance ()
T temperature (K)
Greek letters
Equ complex permittivity of gold )
€ emissivity at considered wavelength -)
Npr photothermal efficiency ()
Nror energy conversion efficiency ()
lph phonon (absorbed light) thickness (m)
A incident wavelength (here: 980 nm) (m)
u dynamic viscosity of fluid (Pa-s)
13 nanorods concentration (m™3)
p density of a material (kg - m™3)
) mean distance between nanoparticles (here: 20 nm) (m)
Subscripts, superscripts and abbreviations
0 initial
ABS  absorbance
abs  absorbed
Au gold
CT capping agent
ext extinction
e energy
g grid
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l long
MAX maximum (at peak)
PT photothermal

ph phonon
pl platform
p capacity

sat saturated

sca  scattering
short

w working fluid

[}
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