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For magnetic field calculations, cylindrical permanent magnets are often approximated as ideal, azimuthally
symmetric solenoids. Despite the frequent usage of this approximation, research papers demonstrating the
validity and limitations of this approach are scarcely available. In this paper, the experimentally derived mag-
netic field of a cylindrical permanent magnet is compared with the semi-analytically calculated magnetic field
of an ideal solenoid. An experimental setup for measuring the magnetic field distribution is demonstrated and
employed for gathering the data. The proposed setup allows to measure the distributions of the axial and radial
components of the magnetic field surrounding the magnet. In addition, we calculated the magnetic field using
the FEM method and compared it with the solution of an ideal solenoid and discussed the obtained deviation.
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1. Introduction

Permanent magnets are extensively used in a wide
range of applications: electrical engineering, radio
engineering, chemical engineering, medicine, household
appliances and many others [1-7]. Knowing and
predicting magnetic fields of various electromagnetic
configurations is crucially important for all relevant
implementations. Already the early classical physicists
were attempting to calculate electromagnetic fields of
some widely-implemented configurations — finite helical
solenoids, infinite solenoids and loops [8]. However, in
those early studies only the simplest cases have been
entirely calculated, such as the single loop for the latter
configuration [9]. Finding integral solutions without using
multiple elliptic integrals has proven to be the most
challenging aspect of calculating the fields of practically
all configurations [10]. Currently several approaches to
analytically define the magnetic field of a permanent
magnet exist [11-13]. All these approaches are, however,
very computationally expensive and usually make use of
rather complex formulae or are valid only within certain
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limits. Just like the earlier works, modern analytical
solutions focus on specific geometrical configurations —
spheres, cylinders and other permanent magnets with
azimuthal symmetry [11, 15], polyhedral [16], and even
some more complex magnetic configurations, like multi-
pole magnetic rings [17]. Therefore, many analytical
solutions for the magnetic fields of various configurations
have already been implemented and tested; the authors of
[18] have gathered these solutions and created a package
allowing for magnetic field calculations user-defined
geometries. In our research we have used the above-
mentioned software package for theoretical calculations
of the magnetic field of an ideal solenoid. More details
about the used formulae can be found in Section 2.

One of the most common approaches to testing a
developed theoretical model for predicting a permanent
magnet’s field topology is experimentally measuring the
magnetic field distribution of a magnet of a certain
structure and comparing it to the theoretical calculations
of the same structure. This approach allows one to
validate the developed theoretical model and discover the
conditions under which the model is valid. Several
theoretical approaches predicting the magnetic field
distribution of a cylindrical permanent magnet currently
exist: the magnet can be approximated as a point dipole
[16, 17], a stack of several polygonal loops [18], or an
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ideal solenoid [10]. An ideal solenoid model is used as an
approximation for calculating the magnetic field of a
cylindrical permanent magnet the most frequently [19,
12]. However, detailed comparisons of experimental
measurements with theoretical calculations are difficult to
find. The most notable comparison was performed in
[10], where the authors have validated the ideal-solenoid
model by comparing its results with the measurements of
the well-known experiment of dropping a cylindrical
permanent magnet into a vertical non-magnetic tube of a
certain conductivity. During the experiments the total
time of fall of cylindrical magnets through a copper tube
was measured and subsequently compared with the
calculated values. The author has demonstrated a very
precise agreement between theory and experiment.

New approaches to quantify magnetization in materials
have become even more necessary with the discovery of
novel magnetic materials that show diamagnetic, ferro-
magnetic and paramagnetic properties. In regulated condi-
tions, magnetic resonance phenomena (Nuclear-Magnetic-
Resonance, NMR, and Electron-Paramagnetic-Resonance,
EPRI1) provide today's most accurate standards for
measuring a homogeneous magnetic field [20].

In this paper I demonstrate a straight-forward experi-
mental approach of measuring the distributions of the
axial and radial components of the magnetic field
surrounding a permanent magnet. I then proceeded to
compare the obtained experimental results with the
predictions of an ideal solenoid model and with FEA.

2. Equations for the Theoretical
Calculations

The magnetic field of an ideal solenoid can be
computed from the Biot-Savart law. The formulae used
for the calculations are presented below: formula 1
represents the radial component of the field, and formula
2 — the longitudinal, or axial, component of the field. The
exact derivation of the formulae can be found in [10]. To
develop the formulae, Derby et al. have divided the
surface of the solenoid into circular stripes of equal width.
They have then defined the magnetic field at a given
point in space as the sum of the magnetic fields from each
loop; where the magnetic fields of each loop were
calculated with the Biot-Savart law.
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where a is the radius and 25 is the length of the solenoid;
(7, @, h) are the cylindrical coordinates with the origin at
the centre of the solenoid; #» — is the number of turns per
unit length. To obtain the equations in the current form,
they have also introduced the following integration
variable change: 2y =7 —¢'. To compare calculation
results with the results of the measurements, the radius
and the length of the solenoid for the calculations were
chosen equal to the radius and the length of the
permanent magnet investigated experimentally. The By
value for magnet 1 and 2 was chosen to be 1.3 and 1.18
Tesla respectively.

The above-mentioned equations were used for the
calculations of the axial and radial components of the
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Fig. 1. (Color online) Calculated flux lines and induction for
permanent magnet.
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magnetic field of the ideal solenoid. The calculations
were performed using Magpylib — a free Python package
for magnetic field computation [15].

In addition, we make calculation of the distribution of
the magnetic field with help of the free FEA program
FEMM [21]. The following parameters have been chosen
for the magnet Length vs Diameter. 30 x22.8 mm,
sintered NdFeB magnet N42, coercivity H-=994529 A/
m, relative permeability ©=1.05, electrical conductivity
p=0.667 MS/m. In Fig. 1, the flux lines and the induction
are shown. The FEM calculated radial and axial
components of the magnetic field are exactly the same as
from the model of the ideal solenoid, so in the future we
will compare only the model of the solenoid with
experimental data.

3. Experimental Arrangement

The experimental setup used for measuring the axial
and radial distributions of the magnetic field of a
permanent magnet is demonstrated in Figs. 2-3, where
Fig. 2 presents the picture of the actual setup, and Fig. 3 —
the basic outline of the setup. The similar setup has
already been used in applications, see e.g., ref. [22]. The
main element of the setup and the object under
investigation was a stack of cylindrical neodymium

agnetometer

Fig. 2. (Color online) The photograph of the experimental
setup.
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Fig. 3. The schematic outline of the experiment setup.
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Table 1. Parameters of the neodymium magnetic samples used
in the experiments.

Samplenr. D, [mm] L, [mm] By, [T] B: pass [T]
1 22.8 30 1.3 0.6
2 10 27 1.15 0.55

(NdFeB) magnets. Two stacks of magnets with different
dimensions were used during the investigations: the first
sample had a diameter of 22.8 mm and a length of 30 mm
(where each magnet in a stack had a length of 10 mm);
the second sample had a diameter of 10 mm and the
length of 27 mm (where each magnet in a stack had a
length of 9 mm). The magnetic field strength at the top
surface of each stack at the axis of the magnet, or the
maximum magnetic field, was measured prior to the
experiments and turned out to be B=0.6+0.01 T and
0.55+0.01 T respectively. The initial data for both
samples is summarized in Table 1.

The maximum magnetic field, as well as all values of
the magnetic fields during measurements were obtained
with a direct current/alternating current GM2 Gauss Meter,
manufactured by Alphalab Inc., USA (with an accuracy
of £0.01 T). The magnetometer mentioned above is not
equipped with a direct connection to a PC, therefore, a
special procedure was developed to record the measured
values of the magnetic field. The procedure was as follows:
the magnetometer was set to continuously measure the
magnetic field of the sample under investigation, and a
separate camera was installed directly facing the screen of
the magnetometer. The video recorded by the camera was
saved, and subsequently analyzed. The analysis included
dividing the video sequence onto separate frames, and
analytically determining the values displayed on the screen.
These values were saved into a separate file, which was
used for plotting the data.

To control the location of the sample, an XYZ actuator
provided by CCM Automation Technology was modified
and employed to move the magnet above the magneto-
meter, both in the vertical and in the horizontal direction.
The measurement was performed as follows: as the first
step, the vertical position of the permanent magnet was
fixed at a certain value, starting with the magnet right
above the surface of the test probe of the magnetometer
(0.1 £0.05 mm distance). Consequently, the XYZ actuator
initiated the constant movement of the sample above the
magnetometer. The horizontal speed of the magnet was
v=142+0.02 mm/s. On average, the magnetometer
makes one measurement per second. Taking into account
the speed mentioned above, the measurements were
performed approximately every 1.57 mm. Then the
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magnet was lifted vertically with the step of 0.5+ 0.05
mm and the measurement process were repeated. The
data measured by the magnetometer was saved with the
frame rate of 29.85 frames per second. In principle, the
magnetometer only measures the axial component of the
magnetic field. To measure the radial component, the test
probe of the magnetometer was rotated 90+ 2 degrees,
after which the measurements were again repeated for
both samples.

4. Results and Discussion

As discussed in the above section, two cylindrical

— 67—

magnetic samples with different dimensions have been
used during the experimental procedures. I will first
discuss the results concerning the axial component of the
magnetic field for both samples.

Figure 4 demonstrates one set of measurements with
sample 1 fixed at the distance of 0.1 mm above the test
probe of the magnetometer, combined with the calculated
results of the analytical model described in Section 2. The
coefficient of determination in this case was R?=0.867.
Similar graphs were obtained for multiple vertical
positions of each sample. For sample 1 the distance of the
magnet from the magnetometer was varied from 0.1 mm
to 9.9 mm. For sample 2 this distance varied from 0.3
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Fig. 4. (Color online) Axial component of the magnetic field of magnet 1. The distance of the magnet from the magnetometer in the
experiments 4 =0.1 mm. The coefficient of determination R’ = 0.867.
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Fig. 5. (Color online) The overall plot of the axial component of the magnetic field of sample 1 (22.8 mm % 30 mm). The axial dis-
tance from the sample probe of the magnetometer varied from 0.1 to 9.9 mm. Vertical lines represent the borders of subsequent

plots of different vertical positions of the magnet.
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Fig. 6. (Color online) The overall plot of the axial component of the magnetic field of sample 2 (10 mm % 27 mm). The axial dis-
tance from the sample probe of the magnetometer varied from 0.3 to 10 mm. Vertical lines represent the borders of subsequent plots

of different vertical positions of the magnet.

mm to 10.1 mm.

The measurements at each fixed vertical position for
magnet 1 were performed up to the horizontal distance of
20 mm from the central axis of the magnet, on each side
of the magnet (therefore, the distance from the axis on
Fig. 1 varies from —20 mm to +20 mm). For better
analysis, the measured and calculated values for various
horizontal and vertical positions of the magnet were
combined in one plot, where as soon as the measurement
data at +20 mm distance was plotted, a subsequent plot of

the next vertical position was attached to it. The resulting
overall plot for the axial component of the magnetic field
for sample 1 is presented in Fig. 5. Figure 6 presents a
similar graph for sample 2. For this sample the measure-
ments were performed up to the horizontal distance of 10
mm from the central axis of the magnet.

The analytically calculated values appear to be in a very
good agreement with the measurements of the axial
component of the magnetic field of two cylindrical
permanent magnets of different dimensions.
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Fig. 7. (Color online) Radial component of the magnetic field of sample 2 (10 mm x 27 mm). The distance of the magnet from the
magnetometer in the experiments 4= 1.5 mm. The coefficient of determination R* = 0.95.
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Fig. 8. (Color online) The overall plot of the radial component of the magnetic field of sample 1 (22.8 mm x 30 mm). The distance
from the sample probe of the magnetometer varied from 1.5 to 11.8 mm. Vertical lines represent the borders of subsequent plots of

different vertical positions of the magnet.

The following part of the section focuses on the radial
component of the magnetic field. As stated in section 3,
to perform experimental measurements of the radial
component, the sample probe of the magnetometer was
rotated 90°. Figure 7 presents a single measurement of the
radial component of the magnetic field for sample 2 fixed
at a distance of 2.5 mm from the magnetometer, along
with the analytically calculated values. The coefficient of
determination here was R? = 0.867. Again, similar figures
have been plotted for each vertical position of both

samples.

Similar to the measurements of the axial component,
the radial component was measured up to a certain distance
from the axis of the magnet on both sides. During these
measurements, the magnetic field values were recorded
up to a distance of 25 mm on both sides of the magnet for
sample 1 and 12 mm for sample 2. Furthermore, the
compound graphs of the radial component of the
magnetic field for all positions of the samples have been
plotted. The resulting graphs for samples 1 and 2 are
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Fig. 9. (Color online) The overall plot of the radial component of the magnetic field of sample 2 (10 mm x 27 mm). The distance
from the sample probe of the magnetometer varied from 2.5 to 11.5 mm. Vertical lines represent the borders of subsequent plots of

different vertical positions of the magnet.
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Fig. 10. (Color online) The magnetization corresponding to the obtained experimental data as a function of the distance from the

surface of the magnet.

presented in Figs. 8 and 9 respectively.

Also here, the results of the experimental measurements
are in extremely good agreement with the analytical
calculations.

Experimentally measured values of the axial and the
radial components of the magnetic field of a cylindrical
permanent magnet demonstrated here, appear to be in a
perfect agreement with the theoretical predictions based
on the model of an ideal solenoid. These results provide a
strong confirmation of the validity of employing the
model of an ideal solenoid for analytical calculations of
the magnetic field generated by a cylindrical permanent
magnet. Despite the good fit of the model, some
discrepancies were measured. 1 attribute these deviations
to the non-homogeneous magnetization of the permanent
magnet. With a simple simulation, it is possible to obtain
a discrepancy from the ideal model in the dimension of
the magnetization of the solenoid. Figure 10 shows the
magnetization corresponding to the obtained experimental
data as a function of the distance from the surface of the
magnet.

5. Conclusions

Both the axial and the radial components of the
magnetic field of several cylindrical permanent magnets
have been measured and compared with the calculations
obtained with the help of the model of an ideal solenoid

and FEA. The theoretical values turned out to be in a very
good agreement with the experimental data. Therefore,
this paper demonstrates a long-required confirmation of
the validity of using the analytical model of an ideal
solenoid to predict and describe the magnetic field of a
cylindrical permanent magnet. I attribute the measured
deviations to the non-homogeneous magnetization of the
permanent magnet and calculate the corresponding
magnetization.

Acknowledgment

I would like to express my deep gratitude to Professor
Meir Lewkowicz and Professor Edward Bormashenko,
my research supervisors, for their patient guidance,
enthusiastic encouragement, and useful critiques.

References

[1] K. D. Hong, J. Magn. 1, 111 (1996).

[2] B. D. Cullity, Introduction to Magnetic Materials, Addi-
son-Wesley, London (1972) pp 100-110.

[3] K. D. Hong, Ph.D. Thesis, Korea University, Korea (1996).

[4] D. Shulman, M. Lewkowicz, and E. Bormashenko,
10.48550/arXiv.2206.04476, 2022.

[5] D. Shulman, 10.48550/arXiv.2207.13134, 2022.

[6] M. A. Riley, A. D. Walmsley, J. D. Speight, and I. R.
Harris, Mater. Sci. Technol. 18, 1 (2002).



Journal of Magnetics, Vol. 28, No. 1, March 2023

[7] C. P. O. Treutler, Sensors and Actuators A: Physical. 91,
1(2001).

[8] E. E. Callaghan and S. H. Maslen, National Aeronautics
and Space Administration, Technical Note D-465, 1960.

[9] W. T. Scott, The Physics of Electricity and Magnetism,
Wiley & Sons, Inc., 1959.

[10] N. Derby and S. Olber, Am. J. Phys. 78, 229 (2010).

[11] J. M. Camacho and V. Sosa, Revista mexicana de fisica E
59, 8 (2013).

[12] R. Ravaud, G. Lemarquand, S. Babic, V. Lemarquand
and C. Akyel, IEEE Trans. Magn. 46, 3585 (2010).

[13] J. P. Selvaggi, S. J. Salon, and M. V. K. Chari, PIERS
Proceedings, Cambridge, USA, July 5-8, pp. 244-251,
2010.

[14] Q. Chen and A. Konrad, IEEE Trans. Magn. 33, 663
(1997).

[15] B. Dolisy, T. Lubin, S. Mezani, and J. Lévéque, Progress
In Electromagnetics Research M. 35, 173 (2014).

[16] C. Rubeck, J.-P. Yonnet, H. Allag, B. Delinchant, and O.

71 -

Chadebec, IEEE Trans. Magn. 49, 144 (2012).

[17] U. Ausserlechner, Progress in Electromagnetics Research
B 38, 71 (2012).

[18] M. Ortner and L. G. C. Bandeira, SoftwareX 11, 100466
(2020).

[19] K. D. Hahn, E. M. Johnson, A. Brokken, and S. Baldwin,
Am. J. Phys. 66, 1066 (1998).

[20] J. iﬁiguez, V. Raposo, A. Hernandez-Lépez, A. G. Flores,
and M. Zazo, Euro. J. Phys. 25, 593 (2004).

[21] C. S. MacLatchy, P. Backman, and L. Bogan, Am. J.
Phys. 61, 1096 (1993).

[22] M. Kwon, J. Jung, T. Jang, and S. Sohn, The Physics
Teacher 58, 330 (2020).

[23] K. Koyama, S. Hane, K. Kamishima, and T. Goto, Review
of Scientific Instruments 69, 3009 (1998).

[24] D. Meeker, [Online]. Available: https://www.femm.info.

[25] X. Dou, Z. Chen, P. Zuo, X. Cao, and J. Liu, Scientific
Reports 11, 21282 (2021).



