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1  Introduction

Hyperthermia is a cancer therapy that relies on the local heating of a cancerous tumor to

kill cancer cells and disrupt the future growth of the tumor. While hyperthermia is capable of

killing tumors separately, physicians often combine it with other treatment methods, typically

radiation  therapy,  for  its  synergistic  effects  [1].  Using  hyperthermia  alone  requires  specific

targeting of the cancer location to avoid collateral damage to healthy cells, which is difficult to

achieve with traditional hyperthermia methods [2]. To improve specific heating of cancer cells,

specialized  magnetic  nanoparticles  have  been  used  [3].  The  functionalized  magnetic

nanoparticles bind to the cancer cells and dissipate thermal energy when an alternating magnetic

field  is  applied.  The  particles  should  generate  a  large  amount  of  heat,  characterized  as  the

specific absorption rate (SAR), while minimizing the frequency and amplitude of the applied

field.

Magnetic particle imaging (MPI) is a tomographic imaging technique that utilizes the

nonlinear magnetic characteristics of superparamagnetic particles for  in vivo imaging [4]. The

technique relies on creating a gradient field such that there is an area of no magnetic field, also

known as  a  field  free  point  (FFP).  Particles  within  the  FFP will  respond  to  an  applied  ac

magnetic field, giving off their own signal that can be detected. Particles outside the FFP are

saturated  and  do not  respond to  the  applied  ac  field.  Scanning  the  FFP allows  the  particle

concentrations  throughout  the  patient  to  be  mapped,  giving  a  3D  image  of  particle

concentrations.

This method of imaging is being investigated as an alternative to traditional angiography

techniques  that use x-ray imaging combined with a contrast  agent to evaluate  blood flow in
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vessels throughout the body [4]. This reliance on ionizing radiation shows an increased risk of

cancer, especially for younger patients [5]. Not using ionizing radiation and MPI’s fast imaging

speeds  make  it  an  attractive  alternative  to  traditional  angiography.  Another  application  for

magnetic nanoparticles is biosensing e.g. MPI using functionalized magnetic  nanoparticles to

locate and track targets in vivo [6]. 

In  order  to  effectively  use  magnetic  nanoparticles  with  hyperthermia  and  MPI

applications  the  magnetic  nanoparticles  need  to  be  characterized  at  the  field  and  frequency

commensurate with the application. MPI and hyperthermia both use field amplitudes of 10 mT to

100 mT and operate at frequencies of 10 kHz to 100 kHz and 100 kHz to 1 MHz, respectively [7]

[8]. Magnetic characterization of magnetic nanoparticles at the field and frequencies used in MPI

and hyperthermia could allow magnetic nanoparticle synthesis to be optimized for the intended

application.

There are various methods available to characterize the ac magnetic response of materials

[9].  One method of  interest  is  ac  magnetometry,  which measures  ac MH response [9].  Few

instruments are capable of the high fields required to characterize magnetic nanoparticles for use

in MPI or hyperthermia.  This work discusses the design and construction of a  high field ac

magnetometer.

2 Operating principle

Two key factors enable the ac magnetometer to measure the hysteresis of a sample at high

frequency: the generation of an ac magnetic field and a method to measure the frequency content

of the sample magnetization. An ac magnetic field, the excitation field, is applied to the sample

by  a  solenoid,  the  excitation  coil.  The  sample  will  vary  in  magnetization  with  the  same

fundamental frequency as the applied field. See Figure 1. 
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For  the  specific  case  of  magnetic  nanoparticles,  the  magnetization  will  follow  the

Langevin theory of paramagnetism

(1)

where   is  the saturation  magnetization  of  the particle;   is  the applied  field;   is  the

Langevin parameter

; (2)

 is the temperature;   is the Boltzmann constant; and   is the permeability of free space,

assuming the particle  has a  sufficiently  fast  relaxation  time [10].  The relaxation  time of  the

particle for Néel relaxation is 

(3)

where  is the Néel relaxation time; is the anisotropy constant of the particle;  is the volume

of the particle; and  is on the order of 10-9 s [11]. In principle, the relaxation time will increase

as the volume of the nanoparticles increases, as shown in equation   (3). As the period of the

applied  field  approaches  and  becomes  smaller  than  the  relaxation  time  of  a  particle,  the

magnetization of the particle will exhibit hysteresis.

The  ac  magnetization  signal  of  the  sample  will  induce  a  voltage  on  the  pickup coil

according to the reciprocity theorem

(4)

where  is the sample concentration at the location , and  is the magnetic flux density at

the location  that would be caused by a unit current in the pickup coil [12]. The voltage signal

from the pickup coil is then measured using a lock-in amplifier at the fundamental frequency of

5



the excitation  field and higher  harmonics.  A second coil,  not shown in  Figure 1,  is  used to

measure the excitation field simultaneously with the pickup coil signal.

Figure 1. Simplified diagram and operating principle of an ac magnetometer.

The  sample  and  field  harmonic  data  are  integrated,  and  the  inverse  Fourier  transform  is

performed on them. The sample magnetization signal is plotted against the applied field signal to

create the reconstructed hysteresis loop in Figure 1.

3 Design

The  instrument  design  discussion  will  be  divided  into  three  sections:  excitation,

detection, and reconstruction. See Figure 2. The excitation section generates the excitation field

necessary for characterization of the sample. The magnetic field and the sample will generate

two signals in the detection section: the sample signal and the excitation field signal. The signals’
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harmonic content are measured by the reconstruction section and post-processed and calibrated

into accurate magnetization field curves used to characterize the sample’s magnetic properties at

high frequency.

3.1 Excitation

Five components comprise the excitation section used to generate the excitation signal: a

linear amplifier, three capacitors, and the excitation coil. The linear amplifier used to generate

the high power signals necessary to create the excitation field is the AE Techron 7224. The three

capacitors  shown in  Figure 2 are  two Celem CMF (3.1 µF) and one C500TW (21 µF).  The

configuration of the capacitors creates an impedance matching network at the intended frequency

of operation, 50 kHz.

Figure 2. The schematic of an ac magnetometer is on the left side of the figure, and a diagram of the construction is on the right.
Three main sections of the schematic are highlighted: excitation, detection, and reconstruction.

Figure  2  shows  the  construction  of  the  excitation  coil  and  overall  dimensions.  Ten

pancake coils are coaxially aligned and wired in a series with three turns per coil. The coils are

comprised of six parallel litz wires (6,300 strands total of 0.051 mm diameter copper wire) to

create a single large litz wire [13]. Each pancake coil turn is separated by fiberglass cloth tape

(0.114 mm thick) to improve turn-to-turn voltage insulation.  The coils  are wrapped around a
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9.52 mm outside diameter phenolic tube (7.94 mm inside diameter) and held in place by coating

the coils with Loctite Epoxy Quick Set during winding. To wind the coils, a temporary Teflon

sheet was placed on each side of the coil with the separation set to 5.5 mm maximum and held in

place  by  collars  on  the  phenolic  tube  with  setbolts.  See  Figure  3.  The  Teflon  sheets  were

removed after approximately 5 minutes while the epoxy cured.

Figure 3. Excitation coil winding diagram.

Each coil is insulated from the wire connecting the neighboring coils in the series by two

layers of 2.54 µm Kapton tape. The coils have a 1 mm gap between neighboring coils that allows

cooling  the  excitation  coil.  Between coils  5  and 6,  a  2  mm gap was  added to improve the

uniformity of the field and was measured to be 0.25% over the sample length (4 mm). See Figure

4. Non-uniformity in the magnetic field will create variations in the response of the sample and

will introduce error into the measurement.
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Figure 4. Measurement of field strength along the axis of the excitation coil relative to the bottom of the sample location with 6 A
of DC current applied. 

The heat created in the excitation coil during operation is removed by circulating white

light  mineral  oil  around  the  excitation  coil  in  a  sealed  clear  polycarbonate  enclosure

approximately 8 cm in diameter. A Koolance PMP-500 pump operated at 12 V with a 2.5 l/min

flow rate circulates the oil. The heat from the mineral oil is transferred to chilled water through a

heat  exchanger  (Duda Energy B3-12A with 20 plates).  See  Figure 5 for an image of the ac

magnetometer.
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Figure 5. Photograph of ac magnetometer with major components labeled.

3.2 Detection

The  detection  section  of  the  ac  magnetometer  has  five  components  (pickup  coil,

compensation coil, tuning coil, field sense coil, and voltage limiter) and permits measuring the

sample and the excitation signals. The pickup coil, being located around the sample volume, will

have an induced voltage on it according to the reciprocity theorem.

The pickup coil will also have an induced voltage from the ac magnetic field that was

generated by the excitation section. Compensating the excitation signal, which is up to 51.5 V as

measured in this work, is done by mirroring the pickup coil inside the excitation coil and wiring

it in the series with the pickup coil. The mirror coil is referred to as the compensation coil and
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generates  an equal  and opposite  voltage  to  the  excitation  coil  signal  in  the  pickup coil  and

therefore cannot be located around the sample volume. The series combination of both coils will

cancel the excitation coil signal. 

Creating  a  perfect  mirror  image  of  the  pickup  coil  and  matching  the  flux  from the

excitation coil between the pickup coil and the compensation coil is difficult, so a third single-

turn coil (tuning coil) is added in the series. The tuning coil can be manually adjusted both in size

and position to  bring the total  reduction of  the drive signal  by up to  79 dB.  The remaining

excitation  signal  is  from  capacitive  coupling  between  the  excitation  coil  and  the  detection

system. The excitation field is measured inductively using a two-turn coil (field sense coil) that is

wound on the outside of and centered on the compensation coil.

Figure 6. Diagram of detection section coils, but not including the tuning coil.

All the coils in the detection section (except for the tuning coil) are coaxially aligned and

wound onto machined 4 mm long by 6 mm diameter sections of a 6.35 mm diameter phenolic

tube. See Figure 6. The pickup and compensation coils are 37 turns of tightly wound 0.078 mm
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diameter  wire  wrapped  a  single  layer  thick  (4  mm in  length).  The  pickup  coil  is  centered

19.5 mm down from the top of the excitation coil, and the compensation and field sense coils are

centered 21.5 mm from the center of the pickup coil. The field sense coil is also tightly wound

with 0.078 mm diameter wire. The coils are mounted to the phenolic tube using Loctite Epoxy

Quick Set.

The detection phenolic tube is centered in the excitation coil using machined 2 mm tall

spacers  at  the  top and bottom of  the  excitation  phenolic  tube  (69.5 mm apart).  The  pickup,

compensation, and field sense coil wires run out of the bottom of the excitation coil as separate

twisted pairs. Before leaving the excitation coil, all the wires are transitioned from 0.078 mm

diameter to 0.254 mm diameter copper wire. The tuning coil is a single turn coil added in series

with pickup and compensation coil, approximately 5 mm in diameter, external to the excitation

coil. The tuning coil is fixed to the bottom of the ac magnetometer by Kapton tape, and the area

and position can be adjusted to minimize the excitation signal. When minimized, the excitation

signal will be coupled only to the pickup coil through the capacitance between the excitation coil

and the pickup coil.

3.3 Reconstruction

The  reconstruction  section  of  the  ac  magnetometer  consists  of  a  lock-in  amplifier,

protection circuitry, and post-processing performed on the measured data. The measurements are

performed by a Zurich HF2LI lock-in amplifier for the low noise measurement of the sample

signal, which can be on the order of nanovolts, as measured in this work. The excitation signal

from the pickup coil, properly compensated, will be a few millivolts at full field strength. The

capacitive coupling of the excitation signal is reduced through active cancellation and allows the

lock-in amplifier to use the lowest input range with the lowest noise floor and highest resolution.
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Active  cancellation  generates  a  signal  that  is  equal  to  the  signal  being  canceled  (the

excitation signal) in both magnitude and phase. Both signals are combined using the differential

inputs of the lock-in amplifier, effectively cancelling the excitation signal. The lock-in amplifier

generates the cancellation signal, which is manually adjusted in magnitude and phase until the

combined signal is below 1 mV in magnitude. 

The excitation field signal requires protection circuitry to prevent overvoltage damage to

the lock-in amplifier since the excitation field signal can exceed 6 V at high field strengths. The

first portion of the protection circuitry is a voltage divider made of two resistors, as shown in

Figure 2. The lock-in amplifier is further protected by back-to-back 3.3 V Zener diodes and will

prevent the excitation field signal from exceeding the 5 V damage limit of the lock-in amplifier.

The excitation field and sample signal harmonics are measured simultaneously. Only the

fundamental harmonic of the excitation field signal is measured, while up to 66 harmonics of the

sample signal are measured. The lock-in amplifier is capable of measuring up to six harmonics

simultaneously. One of the six harmonics is devoted to measuring the fundamental harmonic of

the excitation signal, and the remaining five harmonics are used to measure the sample signal.

The sample harmonics are measured in order from the fundamental up to the 66th harmonic.

The  sample  harmonic  data  are  background  subtracted,  where  the  background

measurement is made immediately before or after the sample measurement. The subtraction itself

is straightforward, with each complex background harmonic datum being subtracted from the

corresponding  complex  sample  harmonic  datum.  Example  results  of  background  subtraction

from a 12.5 nm diameter iron oxide nanoparticle sample can be seen in Figure 7. The subtracted

data shows even harmonic content of the signal at approximately the minimum sensitivity of the

lock-in amplifier for the 200 mV range of the measurement. This is due to the magnetic response
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of the magnetic  nanoparticles,  the Langevin  function,  being  odd and so the signal  from the

sample will only have odd harmonic content. The results are similar to what has been reported in

other work [14].

Figure 7. Example harmonic data showing background subtraction results. The sample measured is 12.5 nm diameter

iron oxide nanoparticles.

The detection coils that measure the sample will have a frequency-dependent effect on

the magnitude and phase of the measured signal, for example, the self-resonance of the pickup

and compensation coils. The frequency-dependent effect is characterized by placing a broadband

single-turn coil where the sample would be placed, inside of the pickup coil. See  Figure 8. A

constant amplitude signal from the lock-in amplifier is applied to the broadband coil and swept

in frequency while the lock-in amplifier measures the signal at the same applied frequency. The

broadband coil data will have an overall positive slope in amplitude that is proportional to the

frequency (due to inductive coupling) that is removed. Normalizing the broadband coil data to

the fundamental harmonic gives the relative magnitude and phase effect of the detection coils on

the measured data. The effect can be removed by dividing the sample complex harmonic datum

by the corresponding frequency datum of the complex normalized broadband coil measurement.

See Figure 8.  
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Figure 8. A diagram of the setup used to compensate for frequency response of the detection coils is shown on the left, and
measured magnitude data are shown on the right.

The excitation field and sample harmonic data can be transformed from a voltage signal

in the frequency domain to a magnetic moment signal in the time domain. This is accomplished

by performing integration in the frequency domain and the inverse Fourier transform

(5)

where  t is time; ω is frequency;   is the measured data in the time domain; and   is a

series  of  Dirac  delta  functions  corresponding  to  the  measured  harmonic  data.  The  negative

frequency content for the inverse Fourier transform is assumed to be the complex conjugate of

the measured frequency content mirrored about the origin, since the measured signal is real. 

(6)

The sample data are now plotted against the excitation field data to create an MH plot used to

characterize magnetic materials.

Three  aspects  of  the  time  domain  data  need  to  be  calibrated:  the  magnitude  of  the

sample’s magnetic moment, the relative phase between the excitation field data and the sample

data,  and  the  magnitude  of  the  excitation  field  strength.  The  sample’s  magnetic  moment

magnitude is calibrated by measuring a 1 mm diameter YIG sphere (NIST SRM2853 calibration

standard). The saturation magnetic moment of the YIG sphere is known to be 77.3 μAm2. The

time domain YIG signal is scaled such that the measured saturation magnetic moment matches

the known value. The magnetic moment scaling factor is used for all further measurements.
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The relative phase between the excitation field data and the sample data is calibrated by

measuring a pressed pellet of dysprosium oxide powder [15]. Given that dysprosium oxide is

paramagnetic, the excitation signal and the sample signal will be in phase with each other. The

excitation signal’s phase is adjusted to match the dysprosium oxide sample signal’s phase. The

phase adjustment angle of the excitation signal is used for all further measurements.

The magnitude of the excitation field is also calibrated by measuring a pressed pellet of

dysprosium  oxide  powder.  The  dysprosium  oxide  pellet  will  have  an  approximately  linear

magnetic  response due to the  paramagnetic  nature  of dysprosium oxide and is  characterized

using a vibrating sample magnetometer (VSM), which measures the dc magnetic moment of a

sample  against  applied  magnetic  field.  The  excitation  field  data  measured  with  the  ac

magnetometer is scaled such that the slope of the MH plot matches the data measured with the

VSM. The scaling factor of the magnetic field is used for all further measurements.

4 Results

The ac  magnetometer  is  evaluated  by  measuring  five  different  magnetic  nanoparticle

samples. The samples were synthesized using a slow injection method to create uniformly sized

particles  of  spinel  phase  iron  oxide  [16].  The  samples  have  average  sizes  of  5 nm,  6.3 nm,

9.5 nm, 10.8 nm, and 12.5 nm, as measured by transmission electron microscopy and small-angle

x-ray  scattering.  The  nanoparticle  samples  are  dispersed  in  toluene  with  a  concentration  of

10 mg/ml.  

The samples are prepared by mixing a known quantity of dispersed nanoparticles into a

known quantity  of  potassium bromide powder to achieve  a  0.2 volume percent  of magnetic

nanoparticles. The two are thoroughly mixed by grinding for a minimum of 10 minutes or until

the toluene has evaporated, whichever is longer. The mixed powder is then pressed into pellets
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2.7 mm tall and 3.4 mm in diameter. 

Prior to measurement of the sample pellets, the ac magnetometer is brought into thermal

equilibrium by operating the instrument at a 3.3% duty cycle (4 seconds on, 1 minute 56 seconds

off) using the same peak excitation field strength as the intended measurement. The instrument is

operated until the temperature of the instrument stabilizes. See  Figure 9, were the temperature

levels off after approximately 40 minutes and no longer shows an overall  upward trend. The

temperature is measured at the top of the excitation coil by an IR thermometer and the maximum

temperature is recorded.

Figure 9. Maximum temperature is measured on the top of the excitation coil using an IR thermometer. Each datum is collected
at the end of an operating cycle.

Once thermal equilibrium is achieved, calibration is performed as described in section

3.3, with each of the measurements required performed at the same 3.3% duty cycle described

above.  The  background  measurement  of  the  background  sample,  containing  only  potassium

bromide, (2.4 mm tall and 3.4 mm in diameter) is taken, followed by the sample that is to be

measured.  Prior  to  measuring additional  samples,  the calibration  standard,  dysprosium oxide

pellet, and background sample are measured. All measured materials are placed in glass vials for

the measurement. 

All  five  magnetic  nanoparticle  samples  are  prepared  and  measured  in  the  manner

described above using a peak magnetic field of 130 mT. The results of the sample measurements
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can be seen in Figure 10 and include static measurements of the samples made with a VSM. The

data  from  the  ac  magnetometer  shows  increasing  hysteresis  with  increasing  magnetic

nanoparticle  size.  The  increase  in  hysteresis  is  predicted  by  the  Néel  relaxation  time  from

equation where increasing volume increases the relaxation time of the magnetic nanoparticles.

The area of the hysteresis is equal to the heat generated per cycle of the ac magnetic field [9].

The  efficacy  of  the  magnetic  nanoparticle  sample  for  hyperthermia  treatment  is

determined by the heat generated from the nanoparticles at the intended frequency of operation.

If characterization of the samples were based on only the VSM measurement none of the samples

should be used for hyperthermia treatment, since no hysteresis can be observed in the VSM data.

However, the ac magnetometer shows improving hysteresis characteristics of the samples as the

diameter  of  the  magnetic  nanoparticle  samples  increases  above 9.5 nm.  This  shows that  the

efficacy of the magnetic  nanoparticle  samples can likely be improved through increasing the

average magnetic nanoparticle diameter during synthesis.

Figure 10. Data of measurements performed on iron oxide nanoparticles using the ac magnetometer described in this work with
a comparison to the VSM data for each of the samples.

5 Conclusion

A unique high-field and high-frequency characterization system was demonstrated in this

work. The ac magnetometer is capable of producing magnetic fields of up to 130 mT. The key

design principles were presented and could allow the instrument to be recreated. The procedure

of measurement was demonstrated using five samples of magnetic nanoparticles with average
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diameters of 5.0 nm, 6.3 nm, 9.5 nm, 10.8 nm, and 12.5 nm. Using only VSM measurements of

the  samples  shows  no  information  to  guide  magnetic  nanoparticle  synthesis.  The  ac

magnetometer  results,  however,  give  important  hysteresis  information  that  could  be  used  to

optimize magnetic nanoparticle synthesis for hyperthermia treatment.
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