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1. Summary 

 

 1.1 Background 

 
 This deliverable is part of the Work Package (WP4) which is devoted to the magneto-

thermodiffusion probing of the ferrofluid samples (also called magnetic liquids) based on 

ionic liquids developed in MAGENTA for thermoelectric applications, in particular for waste-

heat recovery. These magnetic liquids are dispersions of nano-sized magnetic nanoparticles 

(MNPs), with a good colloidal stability in a large temperature range and also under applied 

magnetic field.  In such liquid materials, the MNP's magneto-thermodiffusion is already 

known to influence their magneto-thermoelectric coefficient (and vice-versa).  

 Thermodiffusion measurements of WP4 are realized thanks to Forced Rayleigh 

Scattering (FRS) with the home-made set-up of CNRS team (see Fig. 1 and its caption for the 

measurement scheme). The technique allows a simultaneous determination of the Soret 

coefficient ST, and the mass diffusion coefficient Dm of colloidal magnetic nanoparticles 

dispersed in a fluid. These two coefficients depend largely on the colloidal structure of the 

dispersions and on the inter-particle interactions. At low volume fractions i.e., at negligibly 

small interparticle interaction, ST depends on the thermoelectric (TE) contribution and on the 

ionic-coupling nature between nanoparticles and their carrier liquid. Their behaviour in 

temperature is hard to predict, and thus needs to be measured directly.  

 

Figure 1: Forced Rayleigh Scattering setup for thermodiffusion (Soret and mass diffusion coefficient) measurements: Light 

beam from a high power Hg arc lamp (modulated typically at a few Hz) travelling through a grid  and focused by a 

camera lens  imprints a grating in the thermalized sample with a few 10 m’s period . The Soret effect produces a 

migration of MNPs  either towards the hot regions or towards the cold regions depending on the colloidal 

characteristics of the system. The photo-detection of the first diffraction order of the array  created by an extra laser beam 

 enables tracking the array formation and its progressive destruction by MNP diffusion when the pump beam is shut 

down. As the scales of the temporal evolution of temperature and of the colloidal concentration are different by orders of 

magnitude they can be decoupled. Lamp beam modulations allow the extraction of Soret coefficient and beam relaxation the 

determination of diffusion coefficient. A periodic beam chopper (not shown) is introduced to modulate the pump beam  at a 

few Hz allowing a simultaneous determination of local modulations of temperature and of MNP concentration. 
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Moreover most ionic liquids are very viscous at room temperature (even solid) and the 

development of efficient TE-devices requires higher temperatures.  

 Our goal here is the transformation of the sample environment in the FRS apparatus to 

perform measurements of both Soret and diffusion coefficients in a range of temperatures 

relevant for ionic liquid-based ferrofluids and their TE-applications. A former device was able 

to operate up to ~ 70°C. Our objective here is to be able to perform measurements at higher 

temperatures (target Tmax slightly below 200°C), being also able to apply a magnetic field to 

perform magneto-thermodiffusion measurements. 

 

1.2 Description of Work and Design Constraints 

 
  This deliverable concerns the development of a thermalized cell to be used to 

investigate optically the thermodiffusion of ferrofluids, specially designed for large heat 

energy conversion in TE-applications. The device has to be introduced in the home-made 

Rayleigh Forced Scattering set-up described above and it will allow optical measurements as 

a function of temperature (ranging from room temperature up to ~ 200°C). It will also offer 

the possibility of applying an external magnetic field to perform in-field measurements.  
 

  The thermo-optical cell should comply with the following requirements : 

- The design should be compatible with the tight spatial constraints of the Rayleigh 

Forced Scattering set-up in terms of size, of aperture (to let pass the two beams, the 

pumping and the probing ones), keeping a good sample thermalization. 

- The introduction and extraction of the optical samples (in thin optical cells) in the 

thermalizing cell should be easy. 

- Non-magnetic materials should be used as the ferrofluid samples are paramagnetic and 

because in-field probing must be possible (without stray fields). 

- The monitoring of the cell temperature via a PC control should be as easy as possible. 

 

 2. Thermo-optical Cell Design 

 

2.1 Technological Choices 
 
 The initial choices for the realization of the thermo-regulated cell were the following: 
 

- Size of the optical cell containing the liquid sample: that of HELLMA
®
 quartz 

SUPRASIL
®

 cells with detachable windows of type 106-0.xx-40 (106-QS, height: 45 

mm, width: 12.5 mm; thickness: 3 mm maximum). These optical cells have a quantified 

light-pass 0.xx = 0.01, 0.1, 0.2 or 0.5 mm, associated respectively with an internal 

sample volume of 2.6, 26, 52 and 130 microliters. 

- The optical cell is thermalized thanks to a metallic sample holder (some thermal-grease 

APIEZON-H
®
 and screwed metallic pieces maintain a good thermal contact between 

the optical cell and the sample holder). This sample holder is planned to be non-

magnetic and realized thanks to the 3D-printing technology. This sample holder (see 

Fig. 2a) is 6 cm high and specially designed : 
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- Thermalization from room temperature up to ~ 200°C principally by a thermal-fluid 

travelling through an array of small internal channels as close as possible to the optical 

cell (see Fig. 2d) and by two resistive heating cartridges inserted in the sample holder 

and regulated thanks to two temperature probes (see Fig. 2d). 

- Optical window size large enough to let pass two optical beams (pump and probing 

beams): a window of 1cm x 1cm is opened in the middle with slanting-cut edges which 

lets the incoming (+/- 50°) and the outgoing (+/- 60°) optical beams (see Fig. 2a) to pass. 

- An extra thermal-shield can be put above the sample holder to limit thermal losses and 

temperature gradients in the vicinity of the optical cell, mainly useful when the sample 

is heated to very high temperatures (see Fig. 2b). Fig. 2c presents an exploded view of 

the whole system (optical cell + sample holder + thermal-shield + first connexions for 

the thermal-fluid circulation). 

 

 
 

Figure 2: Thermalizing system of the liquid sample for optical observation with the FRS set-up of Fig.1. (a) Scheme of the 

metallic sample holder to be realized by 3D-printing; (b) Thermal shield to be put above the sample holder to limit heat 

losses and temperature gradients near the optical cell - at the bottom the connexions for the thermal-fluid circulation are in 

place;(c) Exploded view of the system; (d) Array of internal channels for the thermal-fluid circulation inside the sample 

holder. Two horizontal and cylindrical extra-openings on the right side of the sample holder are used to put the two resisting 

heating-cartridges. 

 

- To facilitate the precise 3D-positioning of the sample (with the thermalized cell of Fig. 2) 

in the optical FRS set-up, the system is mounted on a mechanical system. This feature 

allows to bring the thermalized cell close to the optical table edge, being folded-up and 

tipped over for an easy installation of the optical cell, and then back to the measurement 

position (see Fig. 3). A motorized-stem commanded by a PC then allows a precise 3D 

positioning of the thermo-optical cell. 

- In this device, the magnetic field will be applied horizontally and normal to the pumping 

beam thanks to an electromagnet, positioned on both sides of the thermo-optical cell in 

the measurement position. We shall use first an electromagnet similar to the one used up 
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to now with the FRS device at CNRS. In the future, we plan to develop an automated 

electromagnet with better performances in terms of applied field intensity. 

 

 
Figure 3: Scheme of the mechanical system bringing the motorized-stem and the thermalized cell in measurement position. 

The motorized-stem allows a precise 3D-positioning of the optical cell in the Rayleigh Forced Scattering set-up. The folding-

up and tip-over of the mechanical system allow an easy exchange of optical cell. 

 

2.2 System realization 
 

  The sample-holder was first planned to be realized in copper thanks to 3D-printing 

(Additive Manufacturing). However the technology for copper was not compatible with the 

chosen manufacturing method (at least with the chosen supplier) and the sample holder was 

finally realized in aluminium alloy AlSi10Mg, which is non-magnetic (see Fig. 4).  

 

 
 

Figure 4: Sample-holder (a) and thermal-shield (c & b) as received - (d) Sample-holder and motorized-stem on the 

mechanical system in position of measurement for tests in temperature. The tubes (red) for circulation of the thermal-fluid 

from the thermal-bath are connected but not yet the heating cartridges nor the control temperature-probes. A T-probe is put 

on a test optical-cell. 
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The sample-holder realized by 3D-printing (Additive Manufacturing) is presented in Fig. 4a 

(back face) together with the thermal-shielding (Fig. 4b - front face towards the pump-lamp 

and 4c - back face). Fig.4d shows the sample-holder positioned (front face towards pump-

lamp without the shield) on the assembled motorized stem during thermal tests. 

 

 

Figure 5: Scheme for the PC temperature-control of the thermal cell 

 

 The temperature of the optical cell is PC-controlled via a LabView program, following 

the scheme presented in Fig. 5. The main heating source is the thermal fluid coming from the 

fluid circulator (thermal bath 18212 from Bioblock scientific
®
 - which can work between - 

40°C and 200°C depending on the thermal fluid used). It is monitored by a PC computer. The 

temperature controller Lakeshore 335 commands the two heating cartridges (from Maxiwatt
®
) 

slipped inside the sample holder. A feedback is given by the two temperature sensors 

(Silicium diodes from Lakeshore
®
) attached to the sample holder. 

 

 The mechanical system bringing the sample-holder (and the optical cell) from the 

measuring position to the tipped-over position to change the optical cell is manually operated 

(see Fig. 10). The motorized-stem which is PC-controlled, is constituted of 3 translation-

stages (M443 from Newport
®

) operated by 3 positioning-jacks (which are miniature 

motorized actuators TRA25CC from Newport
®
) (see Fig. 6 and 10). They are controlled by 3 

single-axis DC motor controller/driver from SMC-100CC from Newport
®
, connected to the 

controlling PC with an RS-232C interface driven by the Newport software (see Fig. 6 and 11). 
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Figure 6: (a) Single-axis DC motor controller/driver, (b) bare translation-stage and (c) equipped with the miniature 

motorized actuator from Newport® 

 

2.3 Testing of the system  

 
 Several distinct tests are to be performed. The system is first tested in temperature, to 

check the good PC-control of the thermal bath, of the heating cartridges and of sample 

temperature. Then a probing of the mechanical system, which moves the sample holder 

between the tipped-over and the measuring position, is realized. The efficient 3D-positioning 

in measuring conditions of the sample holder is then checked. Finally optical tests are realized 

to demonstrate the ability of the whole system to be used to achieve Forced Rayleigh 

Scattering measurements. Some in-field tests are also performed to show the ability of the 

system to work under an applied magnetic field.  

 

2.3.1 - Temperature tests 

 Temperature tests are performed with two different kinds of thermal fluids, a 

temperature sensor being put on the sample holder and another on a test optical-cell as in Fig. 

4d. The first tests are performed with water as thermal-fluid (with the bath temperature 

varying between 16°C and 70°C), and the second tests were made with the thermal oil H20S 

from JULABO
®
 (with bath temperature varying between 20°C and 200°C). 

 
 a - Test with water as thermal fluid without using the resistive heating-cartridges and 

without the thermal-shield 

 The temporal-response of the temperature of the sample holder and of the test optical-

cell are measured and compared with that of the water-bath. The temperature difference 

between the sample holder and the test optical-cell is less than 3% in the explored temperature 

range. Fig. 7a compares the bath temperature and that of the sample holder.  

 
Figure 7: Comparison between the set-temperature in the water-bath and that of sample holder 
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 Typically from 25°C, it takes 45 minutes to reach 60°C (with a set temperature of the 

thermal bath of 70°C). There is a linear relation between the set temperature in the bath and 

the temperature of the sample holder (see Fig. 7b), which is the same on heating and on 

cooling. 

- Test with water as thermal fluid using the resistive heating-cartridges and the full set-

up shown in Fig. 5 

 The thermalization realized following the scheme of Fig. 5, allows obtaining an 

isothermal condition; i.e. Tholder (°C) = Tbath (°C) up to 90°C within a precision of 0.5°C (see 

optical measurements below performed with the thermal-shield in place and Tholder up to 90°C 

- Fig. 12 & 13). At thermal stabilization, the temperature of each sensor varies by less than 

0.1°C and the difference between the two sensors is less than 0.5°C. 
 

- Test with thermal oil H20S (from JULABO
®

) as thermal fluid without using the resistive 

heating-cartridges nor the thermal-shield 

 
Figure 8: Comparison between the set temperature in the water-bath and that of sample-holder 

 

 In the same way, the temperature evolution of the sample holder has been tested with a 

set temperature of 200°C in the thermal bath, with the oil H20S from JULABO
®. The 

temperature stability of the sample holder is better than 0.1°C. The two temperature sensors 

(of the scheme of Fig. 5) are now in place. Their difference is less than 0.5°C up to Tholder ~ 

180 °C. The temperature of the sample holder has reached 180°C in 2 hours, following 

approximately the same linear behaviour as in water: Tholder (°C) ~ 0.9 Tbath (°C) for 20°C < 

Tbath ≤ 200°C and without heating cartridges. 

 We attempted to check if the heating cartridges can compensate for the thermal losses in 

the tubes (as in the case of the water-bath) and if they can bring Tholder up to 200°C. However 

it could not be tested here, because of the problems with the thermal oil (see below).  

  Indeed the oil which has been used (a mixture of PolyDiMéthylSiloxane with a non-

identified solvent by JULABO
®
) releases white vapour-gas above 145°C, which was badly 

smelling and possibly toxic. Thus we did not continue further with this thermal oil, and it will 

be replaced by another type of oil for operating at the highest temperatures (see tests on 

different oils further on, in section 3.1). 

 

2.3.2 - Tests of the mechanical system and of the motorized stem 

 

 Tests have been realized showing that the mechanical system behaves as expected, 

allowing a correct positioning of the sample holder both in measurement position and in 

sample-exchanging position (see Fig. 9). Also verified is the PC-control of the 3D-positioning 

of the 3 actuators, allowing comfortable optical measurements. 
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Figure 9: Mechanical system and 3D-positioning motorized-stem (a) the mechanical system is folded-over to allow the 

introduction of the optical cell in the sample holder, (b) the mechanical system is in measurement position and the thermal-

shield is put above the sample holder, (c) lateral view of the electric connexions associated to the temperature regulation of 

the sample holder (heating cartridges and up & down thermal sensors) - In Fig. 10 (a) and (b), the X, Y and Z the motorized 

actuators commanding the three translation-stages are clearly visible. 

 

 Fig. 10 shows the screen-shot from the computer devoted to the control of the whole 

thermo-regulated device. The central part concerns the thermalization control of the whole 

system. It is the front panel of the LabView program developed for the temperature regulation 

of the thermo-optical cell. The two lateral panels are associated with the commands of the 

three motorized actuators controlling the 3D-position of the sample holder.  

 

 
 

Figure 10: PC control panel for temperature regulation and sample holder position.  

 

 

2.3.3 - Optical tests  

 

 As optical tests, Forced Rayleigh Scattering (FRS) measurements are directly 

performed with the new device, using water as heating fluid in the thermal bath. As a test-

sample, a ferrofluid based on maghemite MNPs dispersed in dimethyl sulfoxide (DMSO) is 

chosen, as it should remain liquid up to 180°C. The ferrofluid sample was provided by 

WP3. It is here probed between 20°C and 90°C, but will also be used for future tests at 
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higher temperatures with the new thermal-fluid in the bath as soon as it will be chosen, 

bought and delivered.  

 In the test-sample, the maghemite MNPs are hydroxyl-coated with ClO4
-
 counter-ions. 

They have a mean diameter d ~ 8 nm. The ionic strength of dispersion equals 10
-2

 mole/L and 

the MNP's volume fraction is 2.5%. This sample, previously probed at room temperature in 

WP4, presents a positive Soret coefficient, with a value which is comparable to that obtained 

with IL-FF synthesized in WP3 (i.e. EAN, EMIM-TFSI, ..) and already tested at T= 22.5°C. 

 

 Fig. 11 presents Mitradeep Sarkar, MAGENTA post-doctoral fellow hired by the 

partner CNRS, performing a Rayleigh Forced Scattering experiment. Fig. 11a shows the table 

with the two computers (left for the control of FRS measurement, right for the temperature 

and sample position control), and in stack (on the right of the screens) the Lake Shore
®

 

temperature-controller and the 3 single axis DC motor controller/drivers. The (blue) thermal-

bath can also be seen at the bottom right-corner of the image. Two tubes for the thermal-fluid 

circulation extend toward the sample-holder on the optical table (with anti-vibrating legs). Fig. 

11b shows a part of the optical set-up, with the sample-holder (here with its thermal-shield) in 

the measurement position and connected to the two tubes, across which the thermal-fluid is 

circulating. 

 

 

Figure 11:  Rayleigh Forced Scattering set-up with the thermalizing device - for details see text. 

 

 A typical FRS recording at T=80°C is shown in Fig. 12a, where the diffracted intensity 

is recorded as a function of time t. In fig. 12a, the pump-beam is on, up to t = 40s. During this 

time the beam-chopper is alternatingly shut/open at a 8 Hz frequency. The diffracted intensity 

then oscillates between two envelope-curves I and IT,. Each of these two envelope-curves 

tends to a stationary value, reached at t ~ 30 s. This stationary regime is extremely sensitive to 

temperature variation, so sensitive that it may completely prevent any FRS measurement. The 

temperature stability of the sample is here attested by the nice shape of the diffracted intensity 

presented in Fig.12a. 

 At t ~ 40s, the pumping beam is cut and the diffracted intensity relaxes to zero, with a 

characteristic time which is related to the diffusion coefficient of the MNPs in the ferrofluid 

sample. 
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Figure 12: FRS recording at Tholder= 80°C for a  ferrofluid based on DMSO at a 2.5% volume fraction of MNPs and a 

scattering-vector Q =5.8 104 m-1 

 From the two envelopes I and IT,, it is possible to extract the temporal evolution of 

the spatial modulations of volume fraction and of temperature induced in the FRS experiment 

(see Fig.12b) provided that the thermal evolution of dn/dT of DMSO (n, optical index) in the 

explored range of T is known. Similar measurements have been performed at different 

temperatures and two scattering-vectors leading (on average) to the diffusion coefficient and 

the Soret coefficient results presented in Fig. 13. 
 

 

Fig. 13: Thermal evolution of diffusion coefficient Dm and Soret coefficient ST for the test-sample based on maghemite MNPs 

dispersed in DMSO with [ClO4
-] = 10-2 mol/L. T here stands for Tholder. The Soret coefficient remains positive in the T-range. 

 

2.3.4 - Tests under applied magnetic field  

 

 In-field FRS measurements have not yet been performed with the new device. In a first 

step, we shall use an electro-agnet similar to the one which was standardly used previously 

with the FRS device, however the bracket to suspend it is not yet built. Fig.14 shows in-field 

tests that have been performed with an empty sample-holder put in the air-gap of the 

electromagnet. Field measurements have been done both with an air-gap of 4.5 cm 

(corresponding to the width of the sample-holder without shield) and 5 cm (corresponding to 

the width of sample-holder with the shield). In the first case, the maximum field reached is 

450 Oe (= 36 kA/m) and in the second case 380 G (= 30.4 kA/m). 
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Figure 14: (a) Electromagnet to be introduced upside-down in the FRS device, to come above the thermo-optical cell. A 

bracket to suspend it will be necessary. An empty sample-holder is here at its future position. The figure present field tests at 

448 Oe with a Gaussmeter and a Hall probe introduced inside the sample-holder; (b) Calibration curves, intensity of the 

magnetic field versus the current intensity in the two coils, are obtained for the two air-gap 4.5 cm and 5 cm. 

 

 The obtained field intensity is not huge, but should be large enough to reach a saturation 

condition for the field-effect of the thermodiffusion coefficients. If it appears that these field-

intensities are not sufficient for the IL-FF of MAGENTA, new coils will be designed. 

Together with building the bracket to suspend the electro-magnet, we shall automate the field 

application. 

 

 3. Future developments 

 

3.1 Vapour-gas releasing from the thermal-bath 
 

 Some tests of thermal-resistance have been performed with two pure silicone oils 

Rhodorsil
®
 47V20 and 47V50, both of which present a room-temperature viscosity 

compatible with the specification of the thermal-bath 18212 from Bioblock scientific
®
. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Test of Rhodorsil® oil 47V50 at 216°C (in the oil) 
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 The oil 47V20 begins to produce white vapour at T ~ 150°C, exactly as the oil H20S 

from JULABO
® we previously used in our temperature tests (see section 2.3.1). 

 For its parts the oil 47V50, which is more viscous (50 CSt at room temperature) only 

begins to slightly produce white vapour at  T ≥ 216°C (see Fig. 15), it can thus be used in our 

device whose maximum operational temperature is at 200°C. We thus presently search the 

best supplier of this oil, 10 liters are necessary to fill up the bath.  

 

3.2 Building the bracket to suspend the electromagnet 
 

 In order to be able to perform in-field FRS measurements at high temperature, it is 

necessary to design a convenient bracket to suspend the electro-magnet above the thermal-cell. 

We plan to develop the automation of the field application system and to improve the 

electromagnet coils if necessary. 

 

Planned work  

 
1. Testing the silicone oil 47V50 in the thermal-bath up to 200°C and performing FRS 

measurements with the DMSO test-sample up to ~ 180°C (at higher T a degradation of 

DMSO will occur). 

2. Developing the bracket for the electro-magnet to perform in-field measurements at high 

temperature with the DMSO test-sample. 

3. As soon as samples of IL-FF can be inserted in convenient optical cells (in terms of 

volume and sealing) FRS measurements at high temperature and in-field will be 

performed. Let us point out, however that to extract the Soret coefficient from the FRS 

measurements we need to determine the temperature-evolution of the derivative dn/dT of 

the optical index of the concerned IL, which will be done partly experimentally and 

partly thanks to numerical modelling in WP4. 

 

 CONCLUSION 
 

 A thermo-optical cell device to perform Forced Rayleigh Scattering measurements at 

high temperatures has been developed. The good thermal stability of the developed thermo-

optical cell has allowed successful measurements of the Soret coefficient and diffusion 

coefficient with a test-sample based on DMSO up to 90°C with water as thermal-fluid in the 

circulating bath. 

 It has been shown that this thermo-optical cell device is operational up to a sample 

temperature of 180°C, with an oily heat-fluid in the circulating bath. However, taking into 

account the poor thermal-stability of the selected oil for the temperature tests (toxic vapour 

were produced above 145°C), we could not check if the heating cartridges can compensate of 

the thermal losses in the tubes (as in the case of the water-bath) to reach 200°C.  

 We selected a new thermal-fluid oil after the thermal-resistance tests up to 210°C 

(Rhodorsil
®
 47V50). As soon as we receive this new oil, the measurements of Soret and 

diffusion coefficients will be performed with the same DMSO-based test-sample, which 

present thermal stability up to 180°C. 

 With this device, application of magnetic field up to 450 Oe is possible during the FRS 

measurement at high temperatures. 


