
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Permanent Magnets based on Iron-Platinum Alloys

Thang, P.D.

Publication date
2003

Link to publication

Citation for published version (APA):
Thang, P. D. (2003). Permanent Magnets based on Iron-Platinum Alloys. [, Universiteit van
Amsterdam]. PrintPartners Ipskamp B.V.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/permanent-magnets-based-on-ironplatinum-alloys(55d1ff1f-b575-4202-84e6-206f3d0dbdbd).html


Chapterr 3 

Thee 20 tesla pulsed-field magnet 

BasedBased on a 150 kJ capacitor bank, we have built a compact 

magnetometer,magnetometer, which allows fast measurements of hysteresis 

loopsloops in fields up to 20 T. The equipment is designed to perform 

fastfast and accurate measurements in the temperature range 

fromfrom 77 to 400 K in a 4.5 mm-diameter sample space. In this 

chapter,chapter, after the introduction, we describe the details of this 

magnetometer,magnetometer, comprising a 150 kJ capacitor bank, discharge 

electronics,electronics, the cryostat and coil and the data-acquisition 

electronics.electronics. At the end, the calibration of the equipment will 

bebe presented. 

3.1.. Introduction 

Measurementss of the hysteresis loop are indispensable in order to estimate 

thee performance of permanent magnets. Simple magnetometers based on 

electromagnetss with supplied magnetic fields from 1 to 2 T can generally be used for 

thesee measurements. In order to achieve saturation in the magnetisation process 

off  some high-performance materials magnetic fields exceeding 5 T are required that 

cann be generated by superconducting magnets. However, the sweep-rate of these 

magnetss is low and simpler set-ups would be preferable. For testing of magnetic 

materialss and for magnetising small permanent magnets, it is desirable to have a set-up 

ableable to generate fields well in excess of 10 T with a reasonable duration. 

Inn general, to generate a magnetic field of 20 T rather high current densities 

aree required. To avoid excessive Joule heating due to these high current densities, 
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thee magnet has to be either cooled or operated in a pulsed mode. Most pulse magnets 

aree operated in the so-called crowbar mode, which results in a damped half sine pulse-

shape.. This pulse shape is not suited for magnetisation measurements of materials 

displayingg remanence, because the remanent magnetisation is not detected in 

ann induction measurement if the field is not reversed or the sample not extracted. 

Too generate a full sine-wave, we have chosen not to use a crowbar diode but a diode 

stackk anti-parallel to the firing thyristor that connects the capacitors to the magnet. 

Thiss results in a system performing one complete, but damped, sinusoidal oscillation 

andd enables to detect the full hysteresis loop. 

Inn metallic samples, the measurement may be disturbed by the generation 

off  eddy currents either directly or because of the accompanying heating of the sample. 

Thee self-inductance (i.e. the wire section) was chosen such that the full sine (pulse 

length)) had a period of about 200 ms to reduce this effect. In order to reach a maximum 

fieldfield of more than 20 T in a Cu solenoid with a bore of 22.3 mm, we used a 10 mF 

capacitorr bank with a stored energy of about 150 kJ. The magnet is engaged 

byy discharging this capacitor bank with maximal voltage of 5.5 kV via an optically 

triggeredd thyristor stack. Finally, to ensure a reasonable repetition rate of a few 

maximum-fieldd pulses per hour, the magnet coil is cooled to liquid-nitrogen 

temperature. . 

3.2.. High voltage components 

3.2.3.2. J The capacitor bank 

Thee power supply with capacitor bank, the safety circuitry and the control cabinet were 

purchasedd from Metis Instruments & Equipment [1] (see Fig. 3.1). 

Thee insulation of the high-voltage part is designed to withstand 10 kV. The 10 mF 

capacitorr bank with stored energy of 150 kJ consists of 7 non-pcb energy-storage 

capacitorss of the paper and foil type with castor oil. Each capacitor has a capacity 

off  1.43 mF with a tolerance of  10 %. This capacitor bank is operated at a voltage 

off  5.5 kV and designed for a peak current of 2 kA (tested voltage 7 kV, short-circuit 

peakk current 10 kA and voltage reversal 90 %). In the normal operation mode, 
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aa full-sine wave with pulse duration of the order of 200 ms can be generated. 

Thee internal resistive losses in our actual load coil allow generating a peak-to-peak 

fieldfield reversal of 80%. 

Fig.Fig. 3.1 The capacitor bank and the control cabinet. 

3.2.23.2.2 The thyristor and diode switches 

Thee thyristors are triggered via a fibre optical link and a diode-stack anti-parallel to the 

thyristorss allows for a full-sine waveform {see Fig. 3.2). The same diode stack can also 

bee used as a crowbar, by simple repositioning of a connection bar. 

Thee thyristor stack and the diode stack are designed to withstand the short 

circuitt at full energy. For the thyristors, the action integral for the short-circuit pulse is 

l.OxlO66 A2s, whereas it is O.lxlO6 A2s during a normal pulse. 

3.2.33.2.3 The current-limiting coil 

AA current-limiting coil with a cross section of 7x3.3 mm has been used in order to 

limitt the current to 10 kA in the case of a short circuit {see Fig. 3.2). This coil has an 

inductancee of 1.96 mH and a resistance of 91 mi). 
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Fig.Fig. 3.2 Electrical circuit of the capacitor bank and the magnet coil. 

3.2.43.2.4 The charger 

Thee charger is a 5 kW high-voltage power supply operating in constant-current mode 

off  0.9 A which charges at an average rate of 2.5 kJ/s. The typical charge time for full 

chargee is 1 minute. This charger is protected against short circuits and voltage 

variationss of the bank. The charger has a floating output with insulation stand-off of 

5.55 kV on high and low output. 

3.2.53.2.5 The dumps 

Switchingg of the dumps and the charger to the bank is performed with 

electromechanicall  high-voltage contact relays. The water resistors used as dumps are 

eachh capable of absorbing the full energy of the bank three times in a short interval 

afterr which they should be allowed to cool down. The fast and slow dumps yield 

aa discharge from 5.5 kV to 55 V in around 5 s and 20 s, respectively. 

3.2.63.2.6 The protection 

Too ensure galvanic isolation, the whole assembly is only connected to 

thee outside world via an optical ethernet connection and it is powered via an isolation 

transformer.. Complete control of the system is achieved via a separate computer 

(DAQServer)) that is used as console, on which also the data are stored. 
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3.3.. The coils 

Wee have built four coils for the measurement in the 20 T pulsed-field magnet. These 

includee the magnet coil, the field pick-up coil, the magnetisation pick-up coil and the 

Rogowskii  coil. 

3.3.13.3.1 The magnet coil 

Thee magnet coil is an important part of the 20 T pulsed-field magnet. 

Thee geometry of the magnet coil is usually described by the inner radius at and by 

thee dimension-less parameters a and fi where / = 2f3a] is the height and a2 = a at is 

thee outer radius of the coil. The magnetic field generated at the center of a coil with N 

turnss carrying a current I is given by 

NI NI 

2pa, 2pa, 
B ^ ^ ^ ^ r - T i a ^ )) (3.1) 

wheree y(a B)= In ,  At a point of the vertical axis at a distance 

«-ii  i+V 1+£2 

zz = £#/ from the center, the Eq. (3.1) becomes: 

BB NI r(q,/? + C) + r (a , f f -p 
<z<}<z<}  2$ax 2 

Thee inductance L and resistance R of the coil are given by 

ii  = ^<SL^ aiAr'rf«,/» ) 0.3) 

andd R ^
 a + l * l P (3.4) 

2(3(a-\)2(3(a-\) a, ƒ 

wheree g(oc(3) < 1 is a factor depending on the geometry that can be determined from 

thee tables given in ref. [2]. p (T) is the resistivity and / the fillin g factor which is 

thee fraction of conducting material in the volume of the coil. A useful parameter is the 

timee constant r of the coil: % = — = ^-(a2 -l)tf, 2 — g(a,f3)-
RR 4 p 
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Fig.Fig. 3.3 Field-calculation for the 20 T pulsed-field magnet. 

Thee time dependence of the electric current can be expressed as 

2 2 

I(t)I(t)  = CU^-e~s' sin cot (3.5) 
CO CO 

wheree the capacitor bank has the capacity C and a maximal operating voltage U. 

Otherr parameters are Co\ = UCL, S= RJ2L, a>2 = (o\- S2. 

Inn Fig. 3.3 we show the calculations of the magnetic field based on 

Eqs.. (3.1-3.5). The theoretical maximal and minimal values of the magnetic field are 

BBmcixmcix = 20.02 T and Bmm = -16.96 T, respectively. The magnetic field reaches Bmax 

afterr 0.05 s. 

Inn the 20 T pulsed-field magnet, the magnet coil is constructed from kapton-

insulatedd cold-worked CuAg008» wi re with a yield strength of approximately 400 MPa 

andd a rectangular cross-section of 3.15x2.10 mm". This coil is a solenoid with height 

// = 118.6 mm, outer diameter 2a2 = 198.7 mm, inner diameter 2at = 22.3 mm and 

NN = 1485 turns, i.e. 42 layers of 35-36 turns, ƒ = 92 % (see Fig. 3.4). 

Thee magnet coil is immersed in liquid nitrogen during measurement. The coil 

hass a sensitivity of 83 A/T, a self-inductance of 91 mH and a resistance measured at 

thee top terminals at 77 K and 300 K of 0.24 Q and 1.56 Q., respectively. The design 

0.22 0.4 0.6 0.8 
Pulsedd time (second) 
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off  the 20 T coil is similar to that of the 40 T Amsterdam high-field installation. 

Informationn on the design of the magnet coil for this system can be found in refs. [3-5]. 

Fig.Fig. 3.4 The magnet coil. 

3.3.23.3.2 The field pick-up coil 

Thee generated magnetic field is measured by a pick-up coil, which is placed at the 

centree of the magnet bore. This field pick-up coil consists of 40 turns of isolated copper 

wiree with a diameter of 0.1 mm. It is coiled on a diameter of 17.8 mm of 

thee inner insert. The total effective surface of this coil is 101.79 cm2 and the sensitivity 

iss 0.010 VsAT. 

3.3.33.3.3 The magnetisation pick-up coil 

Thee magnetisation of the sample is measured by means of a pick-up coil with a special 

designn [6] in order to compensate for the signal of the varying applied field. The design 

off  this pick-up coil is an approximation based on the principle that 

thee magnetic field inside a sphere with a homogeneous current density on its surface, 

aa so-called Maxwell coil [7], is homogeneous. 
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Fig.Fig. 3.5 Sketch of the magnetisation pick-up coil. 

Thee magnetisation pick-up-coil body is made of MACOR, consisting of two 

concentricc cylinders with a diameter for the inner and outer coil of 6.00 mm and 

14.122 mm, respectively, as drawn in Fig. 3.5. Isolated copper wire with a diameter of 

0.11 mm is wound over a length of 50 mm with 1710 turns in four layers for the inner 

coill  with 425-430 turns per layer. The outer coil with 351 turns in one layer, 

iss inversely wound. The whole is fixed by epoxy (Stycast 1266). There are ten extra 

oppositee turns at each end of the first inner layer in order to reduce the sensitivity for 

variationss in the (axial) sample position. The sample space has a diameter of 4.5 mm. 

Thee theoretical sensitivity of this coil assembly is 0.033 Vs/Am2. 
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Fig.Fig. 3.6 A sketch of Rogowski coil. 

3.3.43.3.4 The Rogowski coil 

AA Rogowski coil is an 'air-cored' toroidal coil placed round the conductor as drawn in 

Fig.. 3.6. The alternating magnetic field produced by an AC current through the 

conductorr induces a voltage in the coil, which is proportional to the rate of change 

off  current. 

Thee direct output of the coil is given by y = M — . where M is the mutual 

dt dt 

inductancee of the coil and dl/dt is the rate of change of current. To complete 

thee transducer, this voltage is integrated electronically so that the output of 

thee integrator is a voltage that accurately reproduces the current waveform. 

Rogowski-coill  current transducers can measure alternating currents in 

aa frequency range from less than 0.1 Hz to about 1 MHz. Their measurement range is 

impressive,, ranging from a few mA to over 106 A. These transducers have an excellent 

transientt response capability and they can be used for measurements on very large or 

unusually-shapedd conductors. 

Inn the 20 T system, a Rogowski coil with a sensitivity 0.672x10"6 Vs/A, 

iss used to measure the current through the magnet coil. This coil is provided by Metis 

Instrumentss & Equipment. 
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3.4.. Temperature components 

Thee temperature-control part includes the following components: the heating coil, 

thee thermometers, the temperature controller and the power supply for the heater. 

3.4.3.4. J The heating coil 

Thee heating coil made by 15 double turns of isolated manganese wire with 

aa diameter of 0.2 mm and a resistivity of 14.0 QJm. This wire is coiled on the inner 

insertt with a diameter of 17.8 mm around the centre of the magnet bore. 

3.4.23.4.2 The thermometer, temperature controller and power supply for the heater 

Twoo thermometers have been used in this system. The temperature of 

thee sample is measured by a Pt resistance thermometer located in the centre of 

thee magnetisation pick-up coil, close to the sample and therefore in the centre of 

thee heating coil. The setting temperature is measured by another Pt resistance 

thermometer,, which is placed at the bottom of the inner insert. 

Thee Dataforth SCM5B 35-01 (Burr-Brown) temperature controller can be 

usedd in a temperature range from -100 to 100 °C. The corresponding output voltage is 

betweenn 0 to 5 V. This controller is isolated from other components. 

Thee Baacke BV 6630-2 (VDE 0551 T 40/E) power supply for the heater is 

designedd to work with the input parameters 230 V/ 50-60 Hz and the output parameters 

aree a current of 0.8 A and a power of 24 VA. 

3.5.. Control part 

3.5.13.5.1 The programmable logic controller 

Forr communication between the power supply of the magnet and the control computer, 

aa programmable logic controller (PLC) with analog and digital data in- and output 

capabilitiess is employed. The PLC is connectable via an RS 232 Interface. It has hard-

wiredd relay logic for elementary actions and manages the load and discharge cycles 

throughh optical-fibre communication with the control computer (DAQServer). 
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F/g.. 3.7 The start-up screen of the Metis CB Controller program. 

3.5.23.5.2 The software program 

AA software program from Metis Instruments & Equipment, named Metis CB 

Controller,, has been used to control the operation of the 20 T pulsed-field magnet. 

Thiss program uses a DDE server (DAQServer computer) to communicate with the PLC 

inn the control cabinet and another computer (DAQClient) to provide the User interface. 

Thee start-up screen of this program is represented in Fig. 3.7. 

3.5.2.13.5.2.1 Normal sequence 

Thee user can use the start-up menu as follows: 

Inn "User info" menu, announce yourself as a user of the bank and indicate the 

magnett you are about to use (the program wil l not run without this information). 

Inn the "Bank control - Set Voltage" menu, set the desired voltage of the capacitor 

bankk either with the scroll-up and -down control or typing the desired value. 

Presss "Charge" to start charging. 

Optional:: press "Charge" to stop charging. 

Presss "Fire" to discharge the capacitor in the load. 
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Presss "Dump" to remove the residual charge. 

3.5.2.23.5.2.2 Program specifics 

Thee program performs the correct sequence for charging, firing and dumping of the 

capacitorr bank. The status of the high-voltage relays is shown below the readout of the 

"Sett Voltage" menu. A log file is kept which includes the information about user, 

magnett and shot data. After a key is pressed, it generally changes its colour and the 

userr should verify this as the program may ignore the key press while it is 

communicatingg with the PLC. 

3.6.. Main operation and data acquisition 

3.6.13.6.1 Main operation 

Thee capacitor bank is charged at a maximal voltage of 5.5 kV by 

aa charging/discharging device. This communication is controlled by the above 

softwaree program on the DAQClient computer that is connected to 

thee charging/discharging device by a glass-fibre serial connection. 

Thee magnet coil is engaged by discharging this capacitor bank via an optically 

triggeredd thyristor stack. 

Dataa acquisition is performed on the DAQServer computer (controlling, 

collecting)) and then on the DAQClient computer (integrating, displaying). 

Thee latter one is connected to the DAQServer computer via a glass-fibre ethernet 

connection.. The DAQServer computer is isolated for voltages up to 6 kV. 

3.6.23.6.2 Data acquisition 

Thee induction voltages generated by the field pick-up, the magnetisation pick-up coil 

andd the Rogowski coil are amplified with standard low-noise operational amplifiers. 

Thiss analogue stage is also used to compensate for small imperfections in the 

compensationn of the pick-up coil. To avoid damage of the data-acquisition computer, 

thee analogue stage is in a separately grounded box with Zener-diode protection and 

spark-gap-voltagee limiters. For the data acquisition, eight channels 
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off  a 16 bits 100 kHz ADC are available. The ADC is triggered by the same optical 

signall  that is used to fire the thyristor. One of these channels is dedicated to the output 

off  the magnetic-field integrator. The second channel is used to collect the measured 

magnetisationn from the magnetisation pick-up coil. The third one is employed to 

measuree the current through the magnet coil by means of the Rogowski coil. All output 

valuess are in digital units and are stored by the data-acquisition server (DAQServer 

computer).. Digital integration then results in field and magnetisation data as displayed 

inn the DAQClient computer. This data processing is schematically illustrated 

inn Fig. 3.8. 

R=91QQ |_=1.96m 

/wv\ \ 

C=10m m 

1 1 Currentt limiting 

I I 
DAO O 
Ser r ver r 

ADCC —>\ 

DAQ Q 
Client t 

Fig.Fig. 3.8 Data processing in the 20 Tpulsed-field magnet. 

Inn Fig. 3.9, we show the integrated signals of the magnetic field, the magnetic 

momentt and the electric current measured for an aged Fe60Pt4o alloy after a pulse field 

att a voltage of 4 kV. The electrical noise during data processing amounts to 0.4 îVs. 

Sincee magnetic and mechanical noises are of the same order of magnitude, this results 

inn an overall value of the order of 0.02 mAm2 for the resolution of the 

magneticc moment. 
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Fig.Fig. 3.9 Integrated data at a charge voltage of 4.0 kV. 

3.7.. Calibration 

3.7.13.7.1 Field calibration 

Thee field calibration has been carried out by using a standard sample, namely a 

Nd6Fei|Al33 single crystal that has well-defined jumps between 4.89 T and 5.29 T and 

11.866 T in the magnetisation curve measured at 77 K in the 40 T Amsterdam high-field 

installation. . 

Inn Fig. 3.10, we show the hysteresis loop of the Nd6FeuAl3 single crystal 

measuredd in the 20 T pulsed-field magnet and the magnetisation curve obtained in 

thee 40 T high-field installation. In both measurements, the magnetic applied field was 

perpendicularr to the basal plane with a maximal value of 14.5 T for the 20 T pulse 

magnett and 15 T for the 40 T magnet. The data obtained in the 20 T pulsed-field 

magnett are in good agreement with the 40 T high-field data. 

3.7.23.7.2 Magnetisation calibration 

Thee magnetisation calibration was done by using the saturation magnetisation of a 

single-crystallinee Ni sphere with a diameter of 1.9 mm. This standard sample has a 

magneticc moment of 1.864 emu at 293 K and 1.972 emu at 77 K. 
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Fromm the calibration, a final value for the sensitivity of the magnetisation pick-up coil 

off  0.031 Vs/Am2 was obtained [8]. 
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Fig.Fig. 3.10 Magnetisation curve of a Nd6Fei,Alj single crystal: 

measuredmeasured in the 20 Tpulse magnet (a) and measured in the 40 T high-field installation (b). 

3.7.33.7.3 Temperature testing 

Thee temperature controller has been calibrated for working with the Pt resistance 

thermometer.. As an example, the time dependence of the setting temperature (Tset) and 

thee sample temperature (Tmmpie), with a setting value of 20 °C, is presented in Fig. 3.11. 

Itt is worth to note that the value of Tsel is lower than the value of Tsample 

becausee the Pt resistance thermometer that measures Tse, is located at the bottom of 

thee heating coil. However Tsampie is measured by another Pt resistance thermometer in 

thee centre of the heating coil, close to the sample. The variation of the output voltage of 

thee power supply for the heater is also plotted in Fig. 3.11. As we can see, 

thee temperatures and the output voltage become stable after about 60 minutes. 

Thee difference between the values of Tse, and Tsampie in temperature range from 

-1000 °C up to 100 °C is plotted in Fig. 3.12. 

--

,, (b) 

F~(a) ) 
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3.8.. Conclusions 

Thee advantage of the new 20 T pulsed-field magnet is that it only takes about one hour 

off experiment time to obtain the full magnetisation loop with rather high accuracy. By 

usingg the temperature controller, experiments can be performed up to 100 °C. By 

meanss of this new 20 T set up, we can cover the magnetic field and temperature ranges 

thatt are most relevant for hard-magnetic materials. 

Inn conclusion, a 20 T pulse magnet has been installed in which fast hysteresis 

measurementss can be performed with about 80 % field reversal. 
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