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________________________________________________________________________________________________ 

Abstract 
Medical diagnosis and treatments via ultrasound imaging have been challenged to developed using optical 

detection for sensing signals.  The original technique employs a piezoelectric transducer to convert the mechanical energy 

to electrical energy during creating and sensing the ultrasound signal.  However, this technique has some limitations in 

sensitivity, detection bandwidth, and temperature sensitivity.  Herein, we report the simulation results of the optical 
detection of ultrasonic waves using elastic thin-film material made of polydimethylsiloxane (PDMS).  The thickness in 

the micro-scale of the uniform layer of PDMS at 20 m thick was observed at the 2 MHz of ultrasonic frequency, showing 

the PDMS displacement changed linearly by 4.6x10-13 mPa-1.  The response can be detected using the optoacoustic 
technique with the light at 685 nm wavelength. As the PDMS thickness changed, the responses of light shifted in 

reflectance and phases, reported the sensitivities of 5.6x10-7 Pa-1 and 1x10-4 radPa-1, respectively.  Compared with the 
traditional detections, the PDMS optical detection using the phase shift achieved much higher sensitivity about 30 times 

while the detection using the reflectance shift found lower sensitivity 5 times.  Nevertheless, the microscale optical 
sensor's advantage in this work could be an alternative technique because its implementation can be fabricated simpler 

than traditional sensors and does not require complicated processes.  

Keywords: optical detection; optical sensor; optoacoustic technique; PDMS; ultrasound detection; ultrasonic wave. 

________________________________________________________________________________________________ 

1. Introduction

An ultrasonic wave refers to a sound wave 

with a frequency above 20 kHz (Gallo, Ferrara, & 

Naviglio, 2018). This technology has been utilized 

in many applications, such as studying cellular 

mechanism in biotechnology (Sinisterra, 1992), 

analyzing and providing the quality of food product 

in the food industry (Bhargava, Mor, Kumar, & 

Sharanagat, 2021; Chemat, & Khan, 2011; Gallo et 

al., 2018) and especially in medicine.  Nowadays, 

ultrasound becomes an essential technology for 

diagnosing and treatment.  In the diagnosis, 

ultrasound can generate an image of organs or soft 

tissues by interacting between the ultrasonic wave 

and the body structure (Carovac, Smajlovic, & 

Junuzovic, 2011; Coatney, 2001). In the treatment, 

high- intensity focused ultrasound (HIFU) can 

remove the human body's tumor due to thermal 

effect (Hsiao, Kuo, Tsai, Chou, & Yeh, 2016).  

Piezoelectric transducers play a significant 

role in ultrasound detection technology. The 

piezoelectric effect detect ultrasound by 

transforming mechanical energy into electrical 

energy (Manbachi & Cobbold, 2011). The 

piezoelectric transducer has limited sensitivity and 

detection bandwidth. There is a tradeoff between 

ultrasonic detection bandwidth and sensitivity 

(Dong, Sun, & Zhang, 2017). To design the 

transducer to operate at a high-frequency regime, 

precise control of piezoelectric material is crucial. 

Besides piezoelectric transducers, one of the most 

challenging aspects is to use the light to detect 

ultrasound, so-called an optoacoustic technique or 

mailto:suejit.p@rsu.ac.th


SUKKASEM ET AL 

JCST Vol. 11 No. 2 May.-Aug. 2021, pp. 197-207 

198 

an optical sensor that provides high sensitivity in 

detection. Optical techniques have been developed 

for ultrasonic detection, such as a microring 

resonator (Maxwell et al., 2008) and Fabry-Perot 

(FP) interferometer (Beard, Perennes, & Mills, 

1999). Both techniques require complicated and 

advance instruments for structure fabrication.  

Lately, Learkthanakhachon, Pechprasarn and 

Somekh (2018) presented that 

polydimethylsiloxane (PDMS) thin-film can be 

investigated in optical ultrasonic detection with 

high sensitivity (Learkthanakhachon, Pechprasarn, 

& Somekh, 2018).  

In this work, we have proposed the 

simulation results of elastic thin-film of PDMS 

material under ultrasonic wave and investigating 

response of the PDMS thin film using the optical 

detection platform.  The simulation employed 

elastic characteristics of micro-scale PDMS thin 

film under the ultrasonic wave with the frequency 

of 2 MHz and amplitude of 0 – 4300 kPa loaded on 

the top of the optical sensor platform.  The light can 

observe the response of PDMS thin film at 685 nm 

wavelength, and its properties change in terms of 

reflectance and phase.  In this work, the PDMS thin 

film showed the sensitivities response changed due 

to the variation of thickness linearly, which is based 

on optoacoustic technology.  
 

2.  Objectives 

The objective of this work was to 

investigate the simulation behaviors of the PDMS 

thin film influenced by ultrasound compression and 

the responses using the optical detection platform 

based on the PDMS thin film to find out the sensing 

performance in terms of reflectance and phase 

shifts.  Also, to compare the sensitivities of our 

ultrasound detection with traditional optical 

techniques. 

 

3.  Materials and methods 

Mathematical model and calculations 

studied the theoretical analysis of ultrasound 

detection using the elastic PDMS thin film.  The 

simulation processes consisted of two parts, 

including 1) the simulation of the characteristic of 

the PDMS thin film under compression by 

ultrasonic wave with various thicknesses, and 2) the 

simulation of sensing performance of the ultrasound 

detection based on the optical platform using PDMS 

thin film. 

 

 
Figure 1 (a)  Schematic diagram of PDMS thin film under an ultrasonic wave at 2 MHz frequency, (b) an optical 

detection platform using PDMS thin film, and (c) 3-dimensional (3D) schematic setup of the optical ultrasound 
detection. 
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3.1  Modeling setup for ultrasound compression 

As seen in Figure 1a, two layers consisting 

of the micro-scale elastic thin-film made of PDMS 

are used as a sensitive-layered material in the 

schematic model.  Water at a temperature of 20C is 

used as a medium layer to apply the ultrasonic wave.  

Assuming the effect of the thermal change is 

neglected.  This model was simulated using the finite 

element method (FEM) in the COMSOL 

Multiphysics 5.2a program.  The ultrasonic plane 

wave was generated using an ultrasound probe with 

a constant frequency of 2 MHz on the top of the water 

layer, where the water is the medium for the 

travelling wave. Hence the ultrasonic wave was 

transferred through the PDMS layer.  The behaviors 

of the PDMS thin-film layer under the ultrasound 

compression was investigated because of an acoustic 

– solid interaction in the frequency domain.  This 

model can be employed to study the PDMS structural 

deformation, including the displacement change and 

stress in material under acoustic pressure conditions.  

The traveling speed of the ultrasound in water was 

applied at 1484 m/s (Chávez, Sosa, & Tsumura, 

1985).  The mechanical properties of the PDMS 

material were referenced from the experimental 

results of the Learkthanakhachon et al. (2018).  The 

ultrasonic wave frequency was applied at 2 MHz, 

Young's modulus of the PDMS material was reported 

123.4 MPa (Learkthanakhachon et al., 2018), and the 

Poisson's ratio was given by 0.43 (Dogru, Aksoy, 

Bayraktar, & Alaca, 2018).  The difference in 

ultrasonic wave frequencies loaded was reported 

influence to the PDMS material in mechanical 

responses due to the difference of Young's modulus 

(Pottier, Ducouret, Frétigny, Lequeux, & Talini, 

2011). This simulation was set the mesh size of 15–

200 nm.  The study investigates the displacement 

changes in the PDMS layer under ultrasound 

compression by varying the PDMS thin-film 

thickness (d) and using different acoustic pressure 

(P).  

3.2  Modeling setup for optical detection using 

PDMS thin film 

To carry out the response of PDMS layer 

under ultrasound compression, the PDMS thin film 

was modelled as the sensitive layer on the optical 

detection platform based on Fresnel's equation 

(Zhang & Hoshino, 2019) where the mathematical 

simulation was operated using MATLAB 2019.  

Figures 1b and 1c illustrated the optical detection 

platform comprising layers of PDMS thin film, water 

medium, and ultrasound source placed on top of the 

glass prism.  Recently, the coherent light source with 

685 nm wavelength has been studied the sensitivity 

performances of optical ultrasound detection with the 

shearing interferometer technique 

(Learkthanakhachon et al., 2018). Therefore, the 

light at 685 nm wavelength was chosen to compare 

our platform with the previous work.  The incident 

light refers to the light at the interface between the 

glass prism, and the PDMS thin film is with the 

incident angle of i.  Optically, the light refers to an 

electromagnetic wave carrying P-polarization 

parallel to the plane of incidence, whereas the S-

polarization perpendicular to the plane of incidence.  

This calculation based on Fresnel's equation had 

provided optical reflectance and phase responses of 

the PDMS thin film depending on the thickness 

changes when the ultrasonic wave loaded.  Figure 1c 

showed the 3D view setup when the ultrasound probe 

placed on top and the reflected light observed by a 

photodetector. Fresnel's equation is a well-known 

equation usually studying the reflectance and 

transmittance effects of an electromagnetic wave 

when the light is incident on different medium, and 

the refractive index (n) of the medium is different 

(Yevick, Rolland, Bardyszewski, & Hermansson, 

1990).  Figure 1b shows a diagram of the simulation 

model where the parameters and values are shown in 

Table 1.
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Table 1  shows the parameters used in simulations 

Parameters Values References 

Simulation of the PDMS thin film under ultrasound compression 

Young’s modulus of PDMS 123.4 MPa Learkthanakhachon et al., 2018  

Poisson's ratio of PDMS 0.43 Dogru et al., 2018 

Temperature of medium 20C Chávez et al., 1985 

Speed of ultrasound in the medium 1484 m/s Chávez et al., 1985 

Simulation of the optical detection using PDMS 

Wavelength of light 685 nm Learkthanakhachon et al., 2018 

nprism 1.5200 Nakamura Tsutsumi, Juni, & Fujii, 2005  

npdms 1.4278 Schneider, Draheim, Kamberger, & Wallrabe, 2009 

nwater 1.3300 Hale & Querry, 1973 

 

The ultrasound detection performance using 

PDMS thin film can be quantified by sensitivity 

defined as expressed in equations (1) and (2), 

Sensitivity for reflectance  =  
dR

dP
  (1) 

and  

Sensitivity for phase detection  =  
d

dP


, (2) 

where R is the reflectance.  is the phase response 

in rad, and P is the incident acoustic pressure in Pa.  

 

4.  Results and discussion   

The simulation results of PDMS thin film 

compressed under the ultrasound conditions using the 

constant frequency of 2 MHz and the amplitude of 500 

kPa.  Figure 2 illustrated that the PDMS thin film with 

20 m thick was compressed at which the ultrasound 

incident perpendicularly to the surface.  The color bar 

showed the displacement strength.  As seen in Figure 

2a and 2b, the surface of PDMS was uniformly 

deflated by 23 nm.  Figure 2c shows the effect of 

PDMS thin film thickness on compressibility. The 

maximum compressibility took place for the thickness 

of 20 m PDMS layer. The thinner PDMS, the lower 

compressibility was comparing to thicker PDMS thin 

film.  Not only these phenomena occurred in the case 

of PDMS thin film under the ultrasound pressure 

loaded, the literature also reported that other 

mechanical properties, such as residual stress and 

stiffness, depended on the structure size and thickness 

(Abazari, Safavi, Rezazadeh, & Villanueva, 2015). It 

was found that the PDMS thin film with different 

thickness between 15 m and 50 m provided good 

compressibility under the ultrasound at 2 MHz 

frequency.  Using 20-m PDMS thin film, the 

compressed displacement was 4.6x10-13 mPa-1 which 

well agreed with the experimental results reported by 

Learkthanakhachon et al. (2018).  

Figure 2d showed the compressed 

displacement of PDMS thin film under 2 MHz with 

different pressures or amplitudes of wave ranging 

from 0 to 1000 kPa.  For several thicknesses of 5 m, 

20 m, and 60 m, the rates of displacement change 

were investigated as the slopes and found 2.4 x10-13 

mPa-1, 4.6x10-13 mPa-1, and 3.8x10-13 mPa-1, 

respectively.  The effect of acoustic pressure on PDMS 

thin film compressibility showed linear behaviors in 

all conditions, and the PDMS compressibility agreed 

with the results in Figure 2c.  The relationship of the 

ultrasonic amplitude and the compressibility based on 

displacement changes were agreed with Hook's law, as 

shown in equation (3). 

σ = E∙ϵ    (3) 

 

where σ is the tensile stress calculated from the 

applied force (F) and cross-sectional area of the 

material, thus σ=
F

A
. E is Young's modulus of the 

material.  𝜖 is the strain calculated by the thickness 

change (d) of material and its initial length (d0), 

𝜖=
∆d

d0
. 

The ultrasonic wave can induce two types 

of change in PDMS thin film, i.e. the thickness and 

the material stress.  The stress in the PDMS material 

was influent on the reflective index of the material.  

For the elastic material, the ultrasonic pressure of 1 

MPa can change the refractive index of 1x10-4 RIU 

(Chao, Ashkenazi, Huang, Donnell, & Guo, 2007), 

which was relatively small and neglected in this 

study. Note that the RIU unit is Refractive Units 

Index usually used in optical biosensing. 
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Figure 2 (a)  PDMS thin film with 20 m thick and (b) the displacement changes at the surface of 20-m PDMS thin 
film by 23 nm under uniform compression of ultrasound with a frequency of 2 MHz and amplitude of 500 kPa.  A color 

bar denotes the displacement of PDMS thin film.  (c) The PDMS thin film thickness change (d) with varying PDMS 

thin film thickness (d) ranging from 0-100 m and (d) the linear relationship of ultrasound pressure and the PDMS film 

displacement change for different thickness in (c), i.e. 5 m (black), 20 m (red) and 60 m (blue) and their rates of 
change. 

 

From the optical simulation, the critical 

parameters in this optical system were the critical 

angle, c, the angle of incidence, which produced 

the angle of refraction of the light at 90o.  It was 

considered that if the incident angle was lower than 

the critical angle, the incident light transmitted 

through the incident boundary, otherwise reflected.  

If the incident angle was higher than the critical 

angle, all of the incident light only reflected, 

referring to light cannot transmit through the 

boundary.  The critical angle can be calculated using 

Snell's law (Li & Mueller, 2005), as shown in 

equation (4); 

 

sin sini i r rn n  ,   (4) 

where  

ni is the refractive index of the first medium, 

nr is the refractive index of the second medium, 

i is the incident angle at the two-medium 

boundary, and  

t is the angle of refraction of transmitted light.
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Figure 3  shows (a) diagram of optical response when the incident angle less than the critical angles, c , of two PDMS 
boundaries, (b) diagram of optical response when the incident angle less than the critical angle in glass-PDMS 
boundary degree of incident angle is more than critical angle in PDMS-water boundary, (c) diagram of optical response 
when the incident angle is more than critical angle in glass-PDMS boundary, (d) reflectance of P-polarization and S-

-polarization and S-
PDMS (f) reflectance as a function of PDMS thin film thickness and the incident angle for the S- polarization, and (g) 
phase response in rad as a function of PDMS thin film thickness and the incident angle for the S- polarization. 
 

In the optical simulation, the incident light 

traveled through the two boundaries of PDMS, i.e. 

the glass-PDMS boundary and the PDMS-water 

boundary, as shown in Figure 1b and 1c.  These two 

boundaries have different critical angles.  The 

critical angle of the glass-PDMS boundary was 

found 81.8, and the critical angle of the PDMS-

water boundary was 76.2.  The angle of incident 

light at the glass-PDMS boundary was less than at 

the PDMS-water boundary based on the angle of 

refraction of Snell's law.  Three effects were 

observed in this system.  First, both incident angles 

at the boundaries were less than the critical angle, 

as shown in Figure 3a.  This effect provided 

transmission and reflection at both boundaries.  The 

reflectance would be low because some of the 

incident light transmitted through the water.  The 

reflectance responses showed in Figures 3d and 3f 

when the incident angles were less than 76.2°.  

Since the incident light illuminating the optical 
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system was coherent.  The reflected light beams 

from the two interfaces caused the interference and 

formed a resonant cavity.  The phase responses of 

the interference were shown in Figures 3e and 3g.  

Second, the incident angle at the PDMS-water 

boundary was more than the PDMS glass interface's 

critical angle, as shown in Figure 3b.  The incident 

light at the glass-PDMS boundary would be 

transmitted and reflected.  The incident light at the 

PDMS-water boundary would be reflected and 

travel through the glass-PDMS boundary.  This 

effect can provide a total internal reflection effect in 

the PDMS layer.  There is no light energy going out 

of this system through the transmission.  The 

reflectance from this effect equal to 1, as shown in 

Figures 3d and 3f.  However, the reflected light of 

the two boundaries can also interfere with each 

other.  The result of the phase response of 

interference was shown in Figures 3e and 3g.  Last 

effect, the angle of incident light at the glass-PDMS 

boundary was larger than the PDMS-glass interface 

critical angle of 81.8°, as shown in Figure 3c.  All 

incident light was reflected at the glass-PDMS 

boundary.  The incident light cannot transmit to the 

PDMS layer.  This effect cannot provide the 

interference, as shown in Figures 3e and 3g, and the 

reflectance of this effect equal to 1, as shown in 

Figures 3d and 3f.   

Figures 3d and 3e showed the optical 

simulation results of reflectance and phase response 

for the P-polarization and the S-polarization for the 

ultrasonic detection using PDMS thin film.  The 

PDMS thin film with 20 

incident angles was investigated in this study.  

Figure 3d shows that the S-polarization reflectance 

response was better than the P-polarization case.  

The P-polarization provided a perfect transmission 

at the PDMS boundary when the incident angle 

equals Brewster's angle.  For the phase response, the 

S-polarization and the P-polarization were 

antiphase with each other.  The reflectance of the 

intensity pattern for both polarizations was similar, 

as shown in Figure 3e.  Herein, the results of the P-

polarization were omitted to save the space of this 

manuscript. 

Figures 3f and 3g illustrated the 

reflectance and phase response for incident angles 

and PDMS thin film thickness, d, for the S-

polarization.  The result showed that when the thin-

film thickness changes, the phase of reflected light 

from the PDMS-water boundary was also changed 

due to the difference in the optical path length. 

There are 2 methods for investigating this 

effect in ultrasonic detection, reflectance 

measurement and phase detection.  The ultrasonic 

detection can be realized by measuring the 

reflectance difference when the incident angle was 

less than the PDMS-water boundary's critical angle 

of 76.2°.  This technique detected ultrasonic waves 

by comparing the intensity of reflected light with 

and without ultrasonic loading.  For phase 

detection, this method required an interferometric 

system.  An interferometer is very sensitive to the 

environment, and it usually requires a vibration 

isolation system.  The phase measurement method 

can be employed when the incident angle was less 

than the critical angle of the glass-PDMS boundary 

of 81.8°.    

Figure 4a showed the reflectance result 

with varying PDMS thickness and two incident 

angles at the glass-PDMS boundary of 72 and 76.  

The figure expressed that the different incident 

angles can give a different reflectance response due 

 The 

higher incident angle can provide a higher 

sensitivity than a lower incident angle.  The incident 

angle of 76 responded to the reflectance due to the 

change of PDMS thickness of 1.22x106 m-1, and the 

incident angle of 72 responded to the PDMS 

thickness of 6.10x105 m-1.  Moreover, the result 

showed that the thickness of PDMS thin film before 

ultrasonic wave loading did not affect the response.  

The pattern of reflectance response did not change 

when the PDMS thin film thickness changed. 

The change in reflectance was due to 

PDMS thin film thickness changes modulated by 

the incident ultrasonic waves.  Figure 4b showed 

how the optical system reflectance and phase 

response illuminated by the ultrasonic wave with a 

frequency of 2 MHz and amplitude of 0 – 4300 kPa.  

The reflectance response of the system was non-

linear.  The reflectance measurement has the highest 

sensitivity, 5.62x10-7 Pa-1, calculated by equation 

(4), which agreed with the experiment reported in 

Learkthanakhachon et al. (2018) results.  In the 

phase response, Figure 4c showed a comparison 

between phase responses of two incident angles of 

0° and 76° with the PDMS thin film thickness and 

the ultrasonic pressure.  Lower incident angles 

provided better sensitivity to ultrasonic waves than 

that of the traditional methods exceeding 30 times.  

The highest sensitivity of phase-detection occurs at 

the incident angle of 0° with the sensitivity of 1x10 -

4 -1.  For the incident angle of 0 degrees, the 
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light that travels in the shortest light path comparing 

to another incident angle provides a well-defined 

phase shift, as shown in Figure 4c.  Finally, the 

phase-detection presented better sensitivity on 

sensing ultrasound than reflectance detection; 

therefore this work could promise as an optical 

interferometer.

  

 
Figure 4 (a)  Reflectance of different PDMS thicknesses illuminated by the incident angles of 72 and 76, (b) 

reflectance responses for the incident angle of 76 with the incident ultrasonic pressure of 0 to 4300 kPa, and (c) phase 

response in rad for the incident angles of 0 and 76 with the incident ultrasonic pressure of 0 to 4300 kPa. 

 

5.  Conclusions 
This study has investigated how the 

uniform PDMS thin film is employed for optical 

detection of ultrasonic waves through the modelling 

and computer simulation.  The PDMS layer can be 

compressed by the incident ultrasonic waves 

leading to the change in the PDMS film optical path 

length, which can be optically measured using an 

interferometer.  The effect of the ultrasonic loading 

on the PDMS can be observed in changes in the 

optical reflectance and the reflected light phase 

response.  Both of these responses can be realized 

and detected in different experimental 

configurations.  For the phase response, the PDMS 

film can provide higher sensitivity of 1x10-4 radPa-

1. However, the phase-detection does require an 

interferometer system to measure the relative phase 

difference between the unloading and loading of 

ultrasonic waves.  For the reflectance measurement, 

the ultrasonic wave measurement can be detected by 

measure the change in intensity of reflected light 

between unloading and loading of the ultrasonic 

wave.  The intensity measurement does not require 

an anti-vibration system.  The reflectance 

measurement can provide sensitivity in ultrasonic 

detection of 5.6x10-7 Pa-1. Compared to traditionally 

optical-ultrasonic detection techniques, such as a 

ring resonator (Ashkenazi, Chao, Guo, & 

O'Donnell, 2004), an FP sensor (Beard et al., 1999), 

and a surface plasmon resonance (SPR) sensor 

(Sangworasil et al., 2016) have been reported the 

sensitivities of 3.0x10-6 Pa-1, 2.1x10-6 WPa-1, and 

1.4x10-10 RIUPa-1, respectively.  In our method, 

even the PDMS thin film platform is observed only 

for the reflectance detection giving five times lower 

sensitivity than the other traditional optical 



SUKKASEM ET AL 

JCST Vol. 11 No. 2 May.-Aug. 2021, pp. 197-207 

205 

detection, but it is observed 4,000 times higher than 

the sensitivity of the SPR technique.  For phase 

detection, it provides the highest sensitivity 

compared to the other methods.  For typical medical 

ultrasound imaging, the sensitivity requirement is 

14–650 kPa (Couture, Fink, & Tanter, 2012). 
However, higher sensitivity in ultrasonic detection 

can be employed in the photoacoustic imaging (PI) 

technique. This technique requires high sensitivity 

due to the low magnitude of pressure in the PI 

system, high-frequency sources, and the 

ultrasound's attenuation. For example, to image the 

blood vessel by detecting requires the ultrasonic 

pressure of 3–6 kPa (X. Zhang et al., 2019).  Also, 

for the photoacoustic computed tomography 

(PACT), this technique is employed to study the 

function of the small and in vivo sample, such as 

mouse's brain (Nasiriavanaki et al., 2014; Yao et al., 

2013).  For the comparison in complexity, the phase 

detection requires a sophisticated interferometer to 

measure the phase shift response, whereas the 

reflectance response techniques, such as the PDMS-

based reflectance measurement, SPR sensor, and 

FP-based sensor, do not require a complex system.  

The ultrasonic detection-based piezoelectric sensor 

requires an electrical circuit and isolation system to 

control the vibration of the material.  The additional 

advantage of using PDMS thin film is that it is cost-

effective based on a less demanding fabrication 

process than piezoelectric materials.  The PDMS 

layer's fabrication is not complicated and does not 

require a sophisticated protocol and an advanced 

instrument.  The conventional spin coating process 

can be employed to fabricate the uniformly PDMS 

thin film (Thangawng, Ruoff, Swartz, & 

Glucksberg, 2007), including PDMS has low 

manufacturing costs (Mata, Fleischman, & Roy, 

2006). The uniformity of the PDMS thin film can be 

achieved in a wide range of thickness ranging from 

2.5 m to 40 m (Yan, Zhou, Zhang, Guo, & Guo, 

2018), including PDMS, has low manufacturing 

costs (Mata et al., 2006).  However, PDMS material 

has a practical issue.  The thermal change can affect 

the expansion of the PDMS with an expansion 

coefficient of 300 nm/C; therefore, the temperature 

should be controlled by a closed-loop temperature 

control unit (Lowndes & Hallett, 1986). 
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