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SUMMARY: 28 
A technique utilizing wavelengths of 1150 and 1412 nm to measure the temperature of water 29 
surrounding an induction-heated small magnetic sphere is presented. 30 
 31 
ABSTRACT: 32 
A technique to measure the temperature of water and non-turbid aqueous media surrounding 33 
an induction-heated small magnetic sphere is presented. This technique utilizes wavelengths of 34 
1150 and 1412 nm, at which the absorption coefficient of water is dependent on temperature. 35 
Water or a non-turbid aqueous gel containing a 2.0-mm- or 0.5-mm-diameter magnetic sphere 36 
is irradiated with 1150 nm or 1412 nm incident light, as selected using a narrow bandpass filter; 37 
additionally, two-dimensional absorbance images, which are the transverse projections of the 38 
absorption coefficient, are acquired via a near-infrared camera. When the three-dimensional 39 
distributions of temperature can be assumed to be spherically symmetric, they are estimated by 40 
applying inverse Abel transforms to the absorbance profiles. The temperatures were observed 41 
to consistently change according to time and the induction heating power. 42 
 43 
INTRODUCTION: 44 
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A technique to measure temperature near a small heat source within a medium is required in 45 
many scientific research fields and applications. For example, in the research on magnetic 46 
hyperthermia, which is a cancer therapy method using electromagnetic induction of magnetic 47 
particles, or small magnetic pieces, it is critical to accurately predict the temperature distributions 48 
generated by the magnetic particles1,2. However, although microwave3,4, ultrasound5-8, 49 
optoacoustic9, Raman10, and magnetic resonance11,12-based temperature measurement 50 
techniques have been researched and developed, such an inner temperature distribution cannot 51 
be accurately measured at present. Thus far, single-position temperatures or temperatures at a 52 
few positions have been measured via temperature sensors, which, in the case of induction 53 
heating, are non-magnetic optical fiber temperature sensors13,14. Alternatively, the surface 54 
temperatures of media have been remotely measured via infrared radiation thermometers to 55 
estimate the inner temperatures14. However, when a medium containing a small heat source is 56 
a water layer or a non-turbid aqueous medium, we have demonstrated that a near-infrared (NIR) 57 
absorption technique is useful to measure the temperatures15–19. This paper presents the 58 
detailed protocol of this technique and representative results. 59 
 60 
The NIR absorption technique is based on the principle of temperature dependence of the 61 
absorption bands of water in the NIR region. As is shown in Figure 1a, the ν1 + ν2 + ν3 absorption 62 
band of water is observed in the 1100-nm to 1250-nm wavelength (λ) range and shifts to shorter 63 
wavelengths as the temperature increases19. Here, ν1 + ν2 + ν3 means that this band corresponds 64 
to the combination of the three fundamental O–H vibration modes: symmetric stretching (ν1), 65 
bending (ν2), and antisymmetric stretching (ν3)20,21. This change in the spectrum indicates that 66 
the most temperature-sensitive wavelength in the band is λ ≈ 1150 nm. Other absorption bands 67 
of water also exhibit similar behavior with respect to the temperature15–18,20,21. The ν1 + ν3 band 68 
of water observed within the range λ = 1350−1500 nm and its temperature dependence are 69 
shown in Figure 1b. In the ν1 + ν3 band of water, 1412 nm is the most temperature-sensitive 70 
wavelength. Thus, it is possible to obtain two-dimensional (2D) temperature images by using an 71 
NIR camera to capture 2D absorbance images at λ = 1150 or 1412 nm. As the absorption 72 
coefficient of water at λ = 1150 nm is smaller than that at λ = 1412 nm, the former wavelength is 73 
suitable for approximately 10-mm-thick aqueous media, while the latter is suitable for 74 
approximately 1-mm-thick ones. Recently, using λ = 1150 nm, we obtained the temperature 75 
distributions in a 10-mm-thick water layer containing an induction-heated 1-mm-diameter steel 76 
sphere19. Moreover, the temperature distributions in a 0.5-mm-thick water layer have been 77 
measured by using λ = 1412 nm15,17. 78 
 79 
An advantage to the NIR-based temperature imaging technique is that it is simple to setup and 80 
implement because it is a transmission-absorption measurement technique and needs no 81 
fluorophore, phosphor, or other thermal probe. In addition, its temperature resolution is less 82 
than 0.2 K15,17,19. Such a good temperature resolution cannot be achieved by other transmission 83 
techniques based on interferometry, which have often been used in heat and mass transfer 84 
studies22-24. We note, however, that the NIR-based temperature imaging technique is not suitable 85 
in cases with considerable local temperature change, because the deflection of light caused by 86 
the large temperature gradient becomes dominant19. This matter is referred in this paper in 87 
terms of practical use. 88 



   
 

 89 
This paper describes the experimental setup and procedure for the NIR-based temperature 90 
imaging technique for a small magnetic sphere heated via induction; additionally, it presents the 91 
results of two representative 2D absorbance images. One image is of a 2.0-mm-diameter steel 92 
sphere in a 10.0-mm-thick water layer that is captured at λ = 1150 nm. The second image is of a 93 
0.5-mm-diameter steel sphere in a 2.0-mm-thick maltose syrup layer that is captured at λ = 1150 94 
nm. This paper also presents the calculation method and results of the three-dimensional (3D) 95 
radial distribution of temperature by applying the inverse Abel transform (IAT) to the 2D 96 
absorbance images. The IAT is valid when a 3D temperature distribution is assumed to be 97 
spherically symmetric as in the case of a heated sphere (Figure 2)19. For the IAT calculation, a 98 
multi-Gaussian function fitting method is employed here, because the IATs of Gaussian functions 99 
can be obtained analytically25-29 and fit well to monotonically decreasing data; this includes 100 
experiments employing thermal conduction from a single heat source. 101 
 102 
PROTOCOL: 103 
1. Experimental Setup and Procedures 104 
Prepare an optical rail to mount a sample and optics for NIR imaging as follows.  105 
 106 
1.1. Sample preparation. 107 
  108 
Note: When using water or aqueous liquid, do Step 1.1.1. When using an aqueous gel with high 109 
viscosity, do Step 1.1.2.  110 
 111 
1.1.1. Steel sphere setting in water. 112 
 113 
1.1.1.1. Fix a 2.0-mm-diameter steel sphere to the end of a thin plastic string using a small 114 
amount of glue. 115 

 116 
1.1.1.2. Hang the steel sphere at the center of the rectangular glass cell with an optical path 117 
length of 10.0 mm, a width of 10 mm, and a height of 45 mm (Figure 3).  118 

 119 
1.1.1.3. Pour filtered water into the cell carefully so as not to produce air bubbles. 120 

 121 
Note: A steel sphere can also be fixed to the tip of a thin plastic rod with a small amount of glue19. 122 
 123 
1.1.2. Steel sphere setting in aqueous gel. 124 
 125 
1.1.2.1. Heat an aqueous gel to reduce its viscosity such that it is low enough to be poured 126 
smoothly. 127 

 128 
1.1.2.2. Using a syringe, pour the aqueous gel into a rectangular glass cell with an optical path 129 
length of 2.0 mm, a width of 10 mm, and a height of 45 mm to half-full and leave it to cool. 130 

 131 
1.1.2.3. Place a 0.5-mm-diameter steel sphere in the center of the gel surface. 132 



   
 

 133 
1.1.2.4. Fill the cell with the aqueous gel. 134 

 135 
Note: Larger spheres (>~1 mm dia.) should not be used with a gel because they will move by 136 
gravitational and/or magnetic forces during induction heating. 137 
 138 
1.1.3. Set the cell in a plastic holder and mount it on the optical rail (Figure 3). 139 
 140 
1.2. Preparation of NIR imaging system.  141 
 142 
1.2.1. Prepare a halogen lamp with a fiber light guide, and fix the end of the fiber light guide with 143 
a holder on the optical rail. 144 
 145 
1.2.2. Place a narrow bandpass filter (NBPF) with a transmittance peak at λ = 1150 nm or λ = 1412 146 
nm between the fiber light guide and the cell (Figure 3).  147 
 148 

1.2.3. Interpose another bandpass filter (BPF), whose transmission wavelength range is wider 149 
than that of the NBPF, between the halogen lamp and the NBPF.  150 

 151 
Note: The BPF is needed to prevent thermal damage to the NBPF because it receives light directly. 152 
 153 
1.2.4. Interpose an iris diaphragm(s) in the light path between the NBPF and cell holder to reduce 154 
the stray light (Figure 3). 155 
 156 
1.2.5. Set up an NIR camera to detect the light transmitted through the cell (Figure 3). Connect 157 
the camera through a data transfer cable to a graphic board installed in a personal computer (PC) 158 
with image acquisition software. 159 
 160 
1.2.6. Set a telecentric lens between the cell and camera (Figure 3).  161 
 162 
Note: A common camera lens can also be used. However, a telecentric lens is better in terms of 163 
the selective detection of the light parallel to the chief ray for the IAT and reduction of the 164 
influence of diffraction. 165 
 166 
Note: The NBPF and BPF should not be placed between the cell and camera because, in doing so, 167 
the water temperature would increase via direct absorption of high-intensity light from the 168 
halogen lamp. 169 
 170 
1.2.7. Turn on the NIR camera and launch the image acquisition software. 171 
 172 
1.2.8. Light the halogen lamp and adjust its output power observing the image displayed on the 173 
monitor (Figure 4).  174 
 175 
1.2.9. Adjust the axis, position, and focus of the telecentric lens to obtain a fine image of the steel 176 



   
 

sphere.  177 
 178 

Note: If the adjustment is not complete, irregular intensity patterns will appear, leading to 179 
incorrect absorbances. 180 
 181 
1.3. Preparation of induction heating system.  182 
 183 
1.3.1. Prepare an induction heating system consisting of a high-frequency generator (maximum 184 
output power: 5.6 kW; frequency: 780 kHz), water-cooled coil, and water chiller.  185 
 186 
Note: An induction heating system for brazing, welding, and soldering small metal parts is 187 
appropriate for this purpose; see Table of Materials. 188 
 189 
1.3.2. If possible, mount the coil on an XYZ movable stage to change its position. 190 
 191 
1.3.3. Place the coil near the cell such that the distance between the coil center and the steel 192 
sphere is approximately 15 mm (Figure 3). Ensure that there are no other metal parts near the 193 
coil. 194 

 195 
Note: The distance should be adjusted depending on the induction heating power and the sphere 196 
size.  197 
 198 
1.3.4. Circulate water for cooling. 199 
 200 
1.4. Image acquisition and induction heating. 201 
 202 
1.4.1. Click “start” on the image acquisition software to store the images sequentially. 203 
 204 
1.4.2. Click “start” on the induction heating control software to commence the induction heating. 205 
 206 
1.4.3. After several seconds (depending on the conditions and purpose), click “stop” on the image 207 
acquisition software. 208 
 209 
1.4.4. Click “stop” on the induction heating control software.  210 
 211 
1.4.5. Save the temporally-stored images as a TIFF sequence (or other non-compressed format) 212 
on the image acquisition software. 213 
 214 
Note: If the temperature is high enough, the effect of light deflection will appear on the image7. 215 
The induction heating power must be decreased appropriately though experiments such that the 216 
increase in the temperature near the sphere is less than approximately 10 K, which can be 217 
confirmed in the following protocol steps for temperature estimation. 218 
 219 
2. Image Processing and Temperature Estimation 220 



   
 

 221 
Note: The saved sequential images are represented as Ii(x, z), where i is the sequential frame 222 
number. The coordinates, x, y, z, r, and r’ are defined as are indicated in Figure 2; z is positive in 223 
the direction opposite to gravity. The outline of the following protocol steps is also illustrated in 224 
Supplement 1. 225 
 226 
2.1. Absorbance image construction. 227 
 228 
2.1.1. Open Ii(x, z) with the image processing software. 229 
 230 
2.1.2. Reduce noise in Ii(x, z) by implementing 3 × 3 pixel averaging. 231 
 232 
2.1.3. Create an average image of Ii(x, z) over i = 1 to 5 (or more) before heating, and define it as 233 
the reference image, Ir(x, z).  234 

 235 
Note: This averaging reduces the noise to obtain a more reliable image than a single frame image. 236 
 237 
2.1.4. Construct the sequential images of the absorbance difference, ΔAi(x, z), via the following 238 
equation: 239 
 240 

 
10

(  )
(  ) log

(  )

i
i

r

I x, z
A x, z

I x, z
   . (1) 241 

 242 
Note: ΔAi(x, z) is the variation in the absorbance, Ai(x, z), from the reference absorbance, Ar(x, z), 243 
before heating, and is derived as follows15-19: 244 
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 247 
where I0 is the intensity of incident light to the cell. 248 
 249 
2.1.5. Colorize the ΔAi images using an appropriate color map such as blue-to-red. 250 
 251 
Note: The command script file for running Steps 2.1.2 through 2.1.5 for ImageJ is presented in 252 
Supplement 2.  253 
 254 
2.2. Temperature estimation. 255 
 256 
2.2.1. Choose the time period during which ΔAi(x, z) is circularly symmetric with respect to the 257 
center of the sphere by visually observing the images.  258 
 259 
Note: The circular symmetry is broken mainly by free convection. An image-based analytical 260 
judgement of free convection occurring is introduced in the previous work19; however, 261 



   
 

practically, the visual judgement is effective. 262 
 263 
2.2.2. Extract the ΔAi(rʹ, θ) data along 360 radial lines (Δθ = 1˚) on the ΔAi(x, z) images. 264 
 265 
2.2.3. Exclude the ΔAi(rʹ, θ) data within the sphere and in its vicinity (Δrʹ ≈ 0.2 mm). Note: The 266 
data are anomalously very small or large in the vicinity mainly because of the slight movement 267 
of the sphere. 268 
 269 
2.2.4. Average ΔAi(rʹ, θ) over θ to determine the line profile, ΔAi(rʹ). 270 
 271 
Note: The command script file for running Steps 2.2.2 through 2.2.4 for ImageJ is presented in 272 
Supplement 3.  273 
 274 
2.2.5. Approximate the ΔAi(rʹ) data by the following multi-Gaussian function: 275 
 276 
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 278 
where aj is the weighting factor, σj is the dispersion parameter, and R is the maximum of rʹ where 279 
ΔAi(R) = 0 can be assumed. 280 
 281 
2.2.6. Calculate the absorption coefficient difference, Δμi(r), by substituting the obtained N, aj, 282 
and σj into the following IAT of Eq. (3): 283 
 284 
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 286 

where erf is the error function. 287 
 288 
2.2.7. Convert Δμi(r) to temperature via the following equation:  289 
 290 
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 292 

with the temperature coefficients of water, αf, which are 4.0 × 10-3 K-1 mm-1 for λ = 1150 nm19 293 

and 4.1 × 10-3 K-1 mm-1 for λ = 1412 nm17.  294 

 295 
Note: The command script file for running Steps 2.2.5 through 2.2.7 is presented in Supplement 296 
4, where the Levenberg–Marquardt nonlinear least-squares algorithm17,19 is employed for Step 297 
2.2.5. 298 
 299 
REPRESENTATIVE RESULTS: 300 



   
 

Images of ΔAi(x, z) at λ = 1150 nm for a 2.0-mm-diameter steel sphere in water and at λ = 1412 301 
nm for a 0.5-mm-diameter steel sphere in maltose syrup are presented in Figure 5a and Figure 302 
6a, respectively. In both cases, the sphere was located 12 mm below the bottom of the coil along 303 
its central axis. Figure 5b and Figure 6b show the ΔA(rʹ) data and their fitted multi-Gaussian 304 
functions in Eq. (3) with R = 3.0 mm and R = 1.5 mm, respectively. No more than two or three 305 
Gaussian functions (N = 2 or 3) are needed to achieve a good fit17,19. The fitted functions were 306 
then transformed into ΔT(r) profiles via Eqs. (4) and (5), and are presented in Figure 5c and Figure 307 
6c.  308 
 309 
The ΔA images in both cases clearly show an increase in the temperature of the water and gel 310 
surrounding the sphere due to thermal conduction. The circular symmetry of ΔA with respect to 311 
the sphere is observed in all images. The plots and curves in Figure 5c indicate that ΔA(rʹ) 312 
increases with time at distances nearest to the sphere; at rʹ ≥ 2.5 mm, no significant change is 313 
observed. Moreover, the ΔT(r) profiles obtained via the IAT verify the occurrence of thermal 314 
conduction in the radial direction. Note that, although the ΔT(r) profiles appear similar to those 315 
of ΔA(rʹ), the changes in the dΔT(r)/dr gradient differ from those of the ΔA(rʹ) profiles. In Figure 316 
6, the magnitudes of ΔA are found to correspond to the heating power levels, i.e., heat generation 317 
rates of the sphere. 318 
 319 
Results for the 0.5-mm-diameter sphere demonstrate that free convection, which distorts the 320 
circular pattern in ΔA, was not observed after t = 1.2 s. Conversely, for the 2.0-mm-diameter 321 
sphere in water, free convection was found to occur after t = 1.2 s (not shown). This means that 322 
a transition from a pure thermal conduction regime to a free convection regime may have 323 
occurred in the water at approximately t = 1.2 s. This difference in free convection was caused 324 
by the differences in the heat generation rate and viscosity. The heat generation rate of the 0.5-325 
mm-diameter sphere was significantly smaller than that of the 2.0-mm-diameter sphere; 326 
furthermore, the viscosity of the maltose syrup (approximately 100 Pa·s) was considerably higher 327 
than that of water (approximately 0.001 Pa·s). Because free convection is an important topic in 328 
heat and mass transfer research, the proposed imaging technique, which provides the onset time 329 
of free convection and pattern of the thermal plume and yields information on the physical 330 
conditions inducing free convection, will contribute significantly to research in this field. 331 
 332 
FIGURE AND TABLE LEGENDS: 333 
Figure 1: Temperature dependence of NIR absorption spectrum of water. (a, b) Absorption band 334 
spectra of water at temperatures from 16.0 °C (blue) to 44.0 °C (red) in 4.0 °C increments in 335 
wavelength ranges of 1100–1250 nm and 1350–1500 nm, respectively. The arrows indicate the 336 
direction of the increase in temperature. The insets show the absorbance difference spectra; the 337 
absorbance spectra at 16.0 °C are the references. The optical path lengths are 10 mm and 1.0 338 
mm in (a) and (b), respectively. The vertical dashed lines indicate the temperature-sensitive 339 
wavelengths of 1150 nm and 1412 nm used to obtain the NIR images.  340 
 341 
Figure 2: Coordinate system and geometry for absorbance imaging. Reproduced from Kakuta et 342 
al. 201719 with the permission of AIP Publishing. 343 
 344 



   
 

Figure 3: Experimental setup. (a) Schematic of the optical system and induction heating setup. 345 
See text for details. This figure has been modified from Kakuta et al. 201719 with the permission 346 
of AIP Publishing. (b) Photograph of the experimental setup. (c) Photograph showing a 2.0-mm-347 
diameter steel sphere hung by a string, cell, and coil with a scale.  348 
 349 
Figure 4: Acquired raw images. (a, b) Transmitted intensity images, I(x, z), at λ = 1150 nm for a 350 
2.0-mm-diameter steel sphere in water and λ = 1412 nm for a 0.5-mm-diameter steel sphere in 351 
maltose syrup, respectively.  352 
 353 
Figure 5: Absorbance images and temperature profiles for a 2.0-mm-diameter steel sphere in 354 
water. (a) ΔA(x, z) images at λ = 1150 nm and t = 0.4, 0.8, and 1.2 s after the onset of induction 355 
heating. (b) Plots of ΔA(rʹ) and their multi-Gaussian fits (solid curves). (c) ΔT(r) profiles obtained 356 
by performing IATs on ΔA(rʹ). 357 
 358 
Figure 6: Absorbance images and temperature profiles for a 0.5-mm-diameter steel sphere in 359 
maltose syrup. (a) ΔA(x, z) images at λ = 1412 nm and t = 0.4, 0.8, and 1.2 s after the onset of 360 
induction heating for the heating power levels of 10%, 30%, and 50%. (b) Plots of ΔA(rʹ) and their 361 
multi-Gaussian fits (solid curves) for 50%. (c) ΔT(r) profiles obtained by performing IATs on ΔA(rʹ) 362 
for 50%. 363 
 364 
Supplement 1: Outline of image processing. 365 
 366 
Supplement 2: Command script file for absorbance image construction (macro for ImageJ). 367 
 368 
Supplement 3: Command script file for line profile extraction (macro for ImageJ). 369 
 370 
Supplement 4: Matlab code for multi-Gaussian fitting and inverse Abel transform. 371 
 372 
DISCUSSION: 373 
 374 
The technique presented in this paper is a novel one using the temperature dependence of NIR 375 
absorption of water and presents no significant difficulty in setting up the necessary equipment 376 
and implementation. The incident light can be easily produced by using a halogen lamp and an 377 
NBPF. However, lasers cannot be used, because coherent interference patterns would appear on 378 
the images. Common optical lenses and glass cells for visible-light use can be used, as they 379 
transmit an adequate amount of light at λ = 1150 nm and 1412 nm. Additionally, InGaAs cameras 380 
can be purchased now at a relatively inexpensive price. 381 
 382 
The NBPFs at λ = 1150 nm and 1412 nm are available by semi-custom order, but they are not 383 
excessively expensive. If there is a ready-made NBPF at a different wavelength, which must be 384 
within the temperature-dependent wavelength range (Figure 1), it can be used instead, although 385 
the temperature sensitivity, or αf, might decrease. For example, the αf value at λ = 1175 nm is 386 
one-half of that at λ = 1150 nm. Furthermore, the bandwidth or sharpness of the NBPF affects αf; 387 
as the bandwidth increases, αf decreases15. Thus, when the accurate estimation of ΔT(r) is 388 



   
 

required, the transmittance spectrum of the NBPF should be measured by a spectrophotometer.  389 
 390 
As mentioned in Step 1.4 of the protocol, because the refractive index of water varies with 391 
temperature, light rays passing through the temperature field around a sphere are deflected, 392 
causing changes in the ΔA(x, z) images. This problem was investigated in our previous work19. 393 
According to the results obtained via this study, as long as the maximum temperature near the 394 
sphere is moderately small (<10 K, approximately), the contribution of light deflection to the 395 
change in ΔA(x, z) can be negligible or sufficiently smaller than that of light absorption, because 396 
the light is incoherent and a certain deflection angle is accepted by the aperture stop of the 397 
telecentric lens; this means that the deflected rays pass though the aperture and focus on the 398 
same point in the image plane as the chief ray30. However, considering this, the aperture stop 399 
should be carefully adjusted such that the acceptance angle of the telecentric lens is slightly 400 
larger than the predicted deflection angle. Trial-and-error adjustments may be required for the 401 
initial experiment. 402 
 403 
Image processing in Step 2.1 of the protocol and calculating IAT in Step 2.2 require no advanced 404 
mathematical knowledge. Step 2.1 can be performed easily with common image processing 405 
software that can treat TIFF sequence files. In Step 2.2.2, if the line profiles at multiple angles 406 
cannot be automatically obtained using command scripts, a single line profile extracted manually 407 
on image processing software can instead be used, although variations due to noises are not 408 
reduced. 409 
 410 
When using an aqueous medium, its water content, or mole fraction, should be known or 411 
measured, especially for an accurate estimation of ΔT, because αf depends on the water content. 412 
In other words, as the absorption coefficients of aqueous solutes and gel substrates depend little 413 
on temperature, the temperature sensitivity is almost proportional to the water content. If the 414 
water content is known to be very high, as with aqueous liquids, the αf value of water given in 415 
this paper can be used practically. Otherwise, multiplying the αf value of water by the predicted 416 
or measured water content, i.e., reducing αf, may be effective for a sufficiently accurate 417 
estimation. 418 
 419 
Considering the temperature detection limit (~0.2 K) and spatial resolution (~30 μm; this depends 420 
on pixel size and magnification), it is impossible for the presented technique to detect a minute 421 
temperature increase caused by single micro- and nano-magnetic particles heated inductively. 422 
However, if a large number of particles can be aggregated, contained in a capsule, or flowed in a 423 
thin tube, the temperature would increase over the detection level. In the research on magnetic 424 
hyperthermia, actually, such aggregation or selective adsorption of magnetic nanoparticles to 425 
cancer cells and the resulting temperatures are important and investigated. Hence, the 426 
presented technique is expected to be used for in vitro experiments in magnetic hyperthermia 427 
studies and other applications using magnetic particles. Spherical symmetry in the temperature 428 
distribution may not be obtained in these applications, but the 2D images will suffice to inform 429 
researchers about the temperature, the number and distribution of particles, and the heating 430 
performance. 431 
 432 



   
 

The presented technique can be used to evaluate magnetic fields used in various magnetic 433 
applications31,32. Generally, magnetic fields produced by coils are very complicated, and cannot 434 
be precisely measured or theoretically predicted. However, as demonstrated in our previous 435 
work19, the temperatures and heat generation rates of a magnetic sphere at different positions 436 
under different coil currents can be obtained by our technique. The spatial distribution of the 437 
heat generation rate must correspond to the magnetic field. Finally, the presented technique can 438 
be implemented, not only for electromagnetic induction, but also for ultrasound focusing, 439 
chemical reactions in droplets, and other local heating methods.  440 
 441 
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Induction heating system CEIA, Italy SPW900/56 780 kHz, 5.6 kW (max).

Coil SA-Japan custom Water-cooled copper tube; two-turn; outer dia. 28 mm.

Water chiller Matsumoto Kikai, Japan MP-401CT

Halogen lamp Hayashi Watch-Works, Japan LA-150UE-A

Narrow bandpass filter for λ = 

1150 nm Andover 115FS10-25 Full width at half-maximum (FWHM): 10 nm.

Narrow bandpass filter for λ  = 

1412 nm Andover semi-custom Full width at half-maximum (FWHM): 10 nm.

Bandpass filter for λ  = 850−1300 

nm Spectrogon SP-1300

Bandpass filter for λ  = 

1100−2000 nm Spectrogon SP-2000

NIR camera FLIR Systems Alpha NIR InGaAs

Image acquisition software FLIR Systems IRvista

Image processing software NIH ImageJ ver. 1.51r

Image processing software MathWorks Matlab ver. 2016a

Telecentric lens Edmond Optics 55350-L X1

Steel sphere (0.5 mm dia.) Kobe Steel, Japan Fe-1.5Cr-1.0C-0.4Mn (wt %)

Steel sphere (2.0 mm dia.) Kobe Steel, Japan Fe-1.5Cr-1.0C-0.4Mn (wt %)

Maltose syrup as aqueous gel Sonton, Japan Mizuame Food product
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Water-cooled copper tube; two-turn; outer dia. 28 mm.

Full width at half-maximum (FWHM): 10 nm.
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To Editors, 

 

We, the authors have revised the manuscript according to the following editorial comments. 

The added and modified texts have been written in red. Also, Table of materials has been 

revised. 

 

Editorial comments: 

 

Note that some formatting changes and proofreading have already been done. Please 

proofread further to minimize spelling, grammar, and usage errors.  

1.2.4: This is in Figure 3, but could you say where in the text as well? 

1.2.6: Does this need to be focused or otherwise set up? 

1.3.1: Please provide a little more information about this setup, including parameters for 

the generator. 

1.3.3: The note here is a partial sentence; what is the distance supposed to be? What are its 

usual limits? 

1.4.2: How, exactly, is induction heating started? Also, within 1 s of image storage?  

2: Note that we will likely not be able to film these steps as a protocol; however, you will 

likely be able to explain the data analysis steps in the Results portion of the video. 

2.1.5: What does ‘properly’ mean? 

Figure legends: Please provide titles (in bold) for each figure here.  
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> The document you attached is meant to be publishing agreement between you and AIP Publishing. 

The form cannot be used for authorizing permissions. 
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> However, we are happy to acknowledge and approve of your request to reuse figures from your 

previously published article in a new work. 

> 

> Permission is granted subject to these conditions: 

> 

> 1. AIP Publishing grants you non-exclusive world rights in all languages and media. This permission 

extends to all subsequent and future editions of the new work. 

> 
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> “Reproduced from [FULL CITATION], with the permission of AIP Publishing.” 
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> When reusing figures, photographs, covers, or tables, the notice may appear in the caption or in a 
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article or book chapter. 
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> In cases where the new publication is licensed under a Creative Commons license, the full notice as 

stated above must appear with the reproduced material. 
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> 3. If the material is published in electronic format, we ask that a link be created pointing back to 

the abstract of the article on the journal website using the article’s DOI. 

> 

> 4.  This permission does not apply to any materials credited to another source. 
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Steps 2.1.1 and 2.1.2 
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// Macro for ImageJ: 

// Construction of absorbance differnce images from intensity images  

// by Naoto Kakuta, Tokyo Metropolitan University 2017/11/30. 

 

//Slice (frame) number used for reference intensity (Iref) construction 

srefmin = 2; //minimum slice number 

srefmax = 5; //maximum slice number 

 

//File name of current intensity (I) images (stack Tiff) 

diri = getDirectory("image");  //directory of I image 

fni = getTitle; //file name of I image 

pathi = diri+fni; //path of I image 

 

//File name of absorbance difference (DA) images (stack Tiff) 

dira = diri; //directory of DA image = directory of current image 

fna = "da-"+fni; //file name of DA image 

patha = dira+fna; //path of DA image 

 

//Smoothing 

run("Multiply...", "value=16 stack"); //12-bit(0-4095) to 16-bit(0-65520)  

run("Smooth", "stack"); //3x3 pixel smoothing 

 

//Iref definision 

run("Z Project...", "start="+srefmin+" stop="+srefmax+" 

projection=[Average Intensity]"); //averaging 

 

//DA calculation 

imageCalculator("Divide create 32-bit stack", fni,"AVG_"+fni); //=I/Iref 

run("Log", "stack"); //=ln(I/Iref) 

run("Multiply...", "value=-0.434300 stack"); //=-log10(I/Iref) = DA 

 

//Save and display 

run("Save", "save=["+patha+"]"); //save DA image as stack Tiff 

 

close(); 

close(); 

close(); 

 

open(patha); //open DA image stack 

run("Royal"); //colorization (Royal) 

//run("Jet"); //colorization (Jet) 

 

// 

//------ END ------- 
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// Macro for ImageJ: 

// Averaging of absorbance line profiles over different angles // 

// by Naoto Kakuta, Tokyo Metropolitan University 2017/11/30. 

// 

//------- Input parameters ------- 

// 

// File name for save  

fn = "C:\\Users\\kakuta\\Desktop\\radial-profile.txt"; 

 

// Center of circle in pixel number  

x0 = 158; //x-coordinate  

y0 = 125; //y-coordinate 

 

// Radius range (numbers of pixel from the center) 

rmin = 15; //minimum pixel number 

rmax = 80; //maximum pixel number 

 

// Exclusion of angle range in degree (if nothing, assign 0) 

thmin = 80; //minimm angle 

thmax = 100; //maxmum angle 

 

// Selection of slice (frame) numbers in stack 

slmin = 45; //minimum slice number 

slmax = 120; //maximum slice number 

// If all slices are selected, use:  

// slmin = 1; 

// slmax = nSlices; 

// 

//------- Processing commands (Do not modify) ------- 

// 

jmax =rmax-rmin+1; //total pixel number of radial line 

dth = 2*PI/360;         //angle step in radian (1 degree)  

thmin = thmin/360*2*PI; //conversion to radian 

thmax = thmax/360*2*PI; //conversion to radian 

value = newArray(jmax); //definition of 1D-array "value" 

 

//number of lines 

sumk = 0; 

for(k=0; k<360; k++){ 

theta = k*dth; //angle of radial line 

if(theta <= thmin || theta >= thmax) 

sumk = sumk + 1; //total number of radial lines 

} 

 

for(i=0; i<(slmax-slmin+1); i++){ 

  currentslice = slmin + i; //slice number 

  setSlice(currentslice); //set the slice 

  print("frame No.",currentslice);  

  Array.fill(value,0); //reset value (=0) 

 

  for(j=0; j<jmax; j++){ 

    r = rmin + j; //radius of point (x,y) in pixel unit  

 

    for(k=0; k<360; k++){ 
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      theta = k*dth; //angle in radian  

      valuet = 0; //temporal value 

 

      if(theta <= thmin || theta >= thmax){ 

        x = r*cos(theta); //x-coordinate of the point 

        y = r*sin(theta); //y-coordinate of the point 

 

//-- Weight averaging using surrounding 4 pixels -- 

//      Pixel(x2,y2)         Pixel(x1,y1) 

//                    (x,y) 

//      Pixel(x3,y3)         Pixel(x4,y4) 

// 

        x1 = floor(x) + x0 +1; //x-coordinate 

        y1 = floor(y) + y0 +1; //y-coordinate 

        x2 = x1 - 1; 

        y2 = y1; 

        x3 = x1 - 1; 

        y3 = y1 - 1; 

        x4 = x1; 

        y4 = y1 - 1; 

        d1 = sqrt((x1 - x)^2 + (y1 - y)^2); //distance between (x,y) and 

(x1,y1) 

        d2 = sqrt((x2 - x)^2 + (y2 - y)^2); 

        d3 = sqrt((x3 - x)^2 + (y3 - y)^2); 

        d4 = sqrt((x4 - x)^2 + (y4 - y)^2); 

        if(d1 == 0) 

          valuet = getPixel(x1,y1); //(x,y)=(x1,y1)     

        else if(d2 == 0) 

          valuet = getPixel(x2,y2); 

        else if(d3 == 0) 

          valuet = getPixel(x3,y3); 

        else if(d4 == 0) 

          valuet = getPixel(x4,y4); 

        else{ 

          d1 = 1/d1; 

          d2 = 1/d2; 

          d3 = 1/d3; 

          d4 = 1/d4; 

          dsum = d1 + d2 + d3 + d4; 

          value1 = getPixel(x1,y1); 

          value2 = getPixel(x2,y2); 

          value3 = getPixel(x3,y3); 

          value4 = getPixel(x4,y4); 

          valuet = d1*value1 + d2*value2 + d3*value3 + d4*value4; 

//weighting 

          valuet = valuet/dsum; 

//--------------------------------- 

        } 

      } 

      value[j] = value[j] + valuet; 

    } 

    value[j] = value[j] / sumk;  

    print(r,value[j]); 

  } 



} 

saveAs("Text", fn); //file save 

// 

//------ END ------- 
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