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Abstract This paper presents a calibration method with aiapsearch coil used at the Czech Metrology
Institute (CMI) for calibration of AC magnetic fetlmeters in the range of frequencies up to 50 IG{ecial
attention is given a) to the construction of magnitix density standards, which are used for getieg the AC
magnetic flux density for frequencies up to 3 khizl dor the frequency range from 3 kHz up to 50 kblzto a
description of special search coils used for peemigasurements of the generated AC magnetic flogitye and

c) to the analysis of sources of uncertainty. Catibn expanded uncertainty of (0.4 up to 0.8) ¥kfe 2 can be
achieved by this calibration method.
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|. Introduction

AC magnetic field analysers (e.g. ELT 400, EFA 3Q0A. 42), which work on the principle of integragi
voltage measurement, are widely used by health safelty professionals, in manufacturing, and in iserv
industries. The calibration of these instrumenttherefore important. A widely-used method for loediion of
instruments of this type involves inserting thelg®f the instrument into Helmholtz coils and tlemparing
the magnetic flux density value measured by thérungent’s probe with the magnetic flux density \ealu
generated by the Helmholtz coils, which are powdrgdn AC current [1]. The adjusted magnetic fleasity
value is then calculated from the current value inch the Helmholtz coils constant determined éy.the
NMR method. However, the frequency dependenceettlils constant and their resonance frequencgased
in order to make a correct calculation of the amjdisvalue. For these calibrations, we use a methitd a
special search coil, which is described below.

Il. Calibration method
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Figure 1. Schematic diagram of AC magnetic fieldenealibration by comparing with the search coil.

The calibration method consists in comparing thesueed values using a calibrated instrument withesga
measured by a special search coil. The speciatseamil is designed to achieve a good approximatibthe
magnetic dipole. The constant of the magnetic difot a coil is its area turns, and the constantigrated by

a method with variable mutual inductance [2]. Fegdrpresents a schematic diagram of instrumerthreiton.
First, the search coil is placed in the center Bedmholtz type solenoid and the output voltagéhefsearch coil
is measured by a Keithley 2001 digital multimefene Helmholtz type solenoid is powered from a gatoer
and amplifier, and the currehthrough the solenoid is measured as the voltage dy on the standard resistor
Ry, using an Agilent 3458A digital multimeter. Curtdnis measured for information only. The adjustedt roo
mean square value of magnetic flux dendBiys inside the solenoid is then calculated from a mesb
amplitudeB,
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whereU,ys is the mean value of the output voltage of theckeaoil measured using a Keithley 2001 digital
multimeter, ks is the value of the constant of the search cail,fas the frequency measured by an HP 53131A
digital counter. Then the probe of the calibratingtrument is placed in the center of the Helmhdyze
solenoid, and the measured value is recorded. Humatic flux density sine wave also needs to belaw The
advantages of this method are that the adjustedevaiside the solenoid is precisely measured, ihds
dependent on the parameters of the Helmholtz tgpnsid, and only constantskand the resonance frequency
of the search coils need to be known. Only theuarite of the magnetic field homogeneity insidesblenoid
needs to be taken into account.

I11. Construction and parameters of the solenoids and special search coils

For the calibration method described above, it wasessary to produce the proper magnetic flux tensi
standards for generating AC magnetic flux densily special search coils for measuring the generataghetic
flux density For homogeneity and taking into acdative size of the calibrating instrument probe (phebe is
usually approximately 120 mm in diameter), two Heditz type solenoids were produced, each of themafo
specific frequency range. Two special search coiere produced for the same frequency
ranges.

Figure 2. Multi-layer Helmholtz type solenoid N&D(left) and single-layer Helmholtz type
solenoid No. 1201 (right).

A. Frequency range up to 3kHz

A massive multi-layer Helmholtz type solenoid wasidned and produced for the lower frequency ramgt®o
3 kHz. The vector of magnetic fieBlinside the multi-layer solenoid can be describgddmponents, andB,
as

u u
Bz:pOJRnkj[1+k2R—E+k4R—%+...j, 2)
V. V
B, :quRnkj[—sz—%—k4R—E—...j, (3)

wherey, is a constant of magnetic vacuum permeabilityX@’ H/m), J is current density (A/mif), Ry, is inner

radius of the winding (mm),;kk, and k are constants dependent on the geometry of tle@aidl (they can be
found in [3]), anduy, U4, V> andv, are functions of coordinates derived from the leelye polynomials. All odd
constants K ks, ... are equal to zero as a result of symmetry. Stlenoid was designed with = O for better

homogeneity. After editing and substituting far w, into equations (2) and (3), we get

(4)

in

4 o2 2 4
B, :quRnkj{H k4%+..),
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wherez (mm) andp (mm) are cylindrical coordinates with their originthe center of the solenoid ands the
longitudinal axis of the solenoid. We can approxeha determine the magnetic flux density value el
homogeneity inside the solenoid by substitutingclmordinatez andp into (4) and (5). The theoretical magnetic
flux density value in the center of the solenaid Q,p = 0) is approximately 2 mT.
A Helmholtz type solenoid No. 052 with a massivetiteframe 230 mm in length, inner diameter 190 mnd
winding inner diameter 238 mm was manufactured lsli. Gts winding has 12 layers, and each layer has
26 turns wound with enameled copper wire 2 mm ianditer. The value of the solenoid constant was
determined by the NMR method with flowing water(294409+ 0.00097) mT/A. This solenoid can generate a
maximum magnetic flux density value of 6 mT on 58 fdr a short time. A resonance frequency value of
28 kHz was also determined. The real homogeneityegawill be different from the theoretical valuégcause
the dimensions and the homogeneity of the windimggeha considerable effect on multi-layer solendkds. this
reason, it is necessary to measure the real soldrwnogeneity values. In this case, the homogemailyes
were measured experimentally using special seaitiNo. EP 601 with suppressed octupole (Figurea} the
results of the theoretical and measured homogeraities are presented in Table 1. The search eslmoved
from the center in the and p axis, and the true homogeneity value was caladlftem the change in the
measured output voltage.

Length Theoretical M easur ed Theoretical M easured
. ; Length on . .
onthez | homogeneity | homogeneity - homogeneity | homogeneity
: the p axis
axis values values (mm) values values
(mm) (%) (%) (%) (%)
-60 1.65 1.86
40 0.87 0.82 -40 0.33 0.21
-20 0.05 0.26 -20 0.02 0.05
0 0.00 0.00 0 0.00 0.00
20 0.05 0.31 20 0.02 0.03
40 0.33 0.18
40 0.87 0.91 60 1.65 1.79

Table 1. Theoretical and measured values of theolgemeity of solenoid No. 052.
B. Frequency rangefrom 3 kHz up to 50 kHz

The multi-layer solenoid can be applicable only denerating AC magnetic flux density to a few kidag to
the parasitic capacities of the winding. For tle@ason, a single-layer Helmholtz type solenoid wesighed and
produced for the high-frequency range from 3 kHztad0 kHz. The vector of magnetic fieRl inside the
single-layer solenoid can be described by the énpumt

u u u
BZ :uolakc[l+k2R—22+k4R—i+k4R—%..], (6)
V. Vv,
B, :pomkﬁ[—kzé—kaR—j—..], )

wherel is the current through the solenoid (&),js a number of turns to one met&,s the radius of the

winding (mm),k;, ko, ks andkg are constants dependent on the geometry of theadl¢they can be found in
[3]), and y, w, v, and v, are functions of coordinates derived from the leetye polynomials, as previously. In
addition, all odd constantg, ks,... are equal to zero and the solenoid was desigiitick, = 0, as previously.

After substituting foiu,, ug, V4 into equations (6) and (7), we obtain

4 _ 2.2 4 2 _ 4.2 2.4 _ 6
B, =, lak, 1+|(482 22;31 +3p +k6162 120z°p +6902 p"—-5p w ®)
8R 16R
2 _ A2
B, :uolak{—kzlﬁ(é%)—...} )

wherez andp has the same meaning as previously. When we tutbestbrz = 0,p = 0, the theoretical magnetic
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flux density value in the center of the solenoi@.i505882 mT.

A single-layer Helmholtz type solenoid No. 1201twit glass epoxy frame 300 mm in length, inner dtame
280 mm and inner winding diameter 337.5 mm wasidabed. The value of its constant (0.105487
0.00005) mT/A was determined by direct comparisath ihe national magnetic flux density standard. A
magnetic flux density value of 1Q0r can be generated up to 50 kHz by means of thensm. A resonance
frequency value of 535 kHz was determined. The meatogeneity of the solenoid was measured usimgpeia
search coil with suppressed octupole, as previpaslg the results of the theoretical and measunetblyeneity
values are presented in Table 2.

Theoretical M easur ed Theoretical M easur ed
Length on . . Length on \ .
: homogeneity homogeneity X homogeneity homogeneity
the zaxis | the p axis | |
(mm) values values (mm) values values
(%) (%) (%) (%)
-60 0.73 0.66
40 0.33 0-26 -40 0.14 0.13
-20 0.02 0.03 -20 0.01 0.03
0 0.00 0.00 0 0.00 0.00
20 0.02 0.02 20 0.01 0.02
40 0.14 0.11
40 0.33 0.23 50 0.73 0.68

Table 2. Theoretical and measured values of theogemeity of solenoid No. 1201.

C. Special search coils

Figure 3.Special searclcoils (from left): EP 01/00, , andEP 601

The system of axially symmetric conductive loopthvérea turn®A passed by currehtcan be described by the
magnetic momentn = IA, which is a vector quantity describing the magnédifole of the search coil. In the
real case of a system of loops, an accurate déscrig a series of multipoles with multipole caarsispy, p1, P2,
ps.-.., B A multipole with constanp, equals zero because of the absence of a magnatiopole. A multipole
with constanp; is a magnetic dipolgy, is the area turns for a coil. A multipole with stemtp, is a quadrupole
that equals zero and all even multipole constamt®gual to zero, due to the symmetry of the sysifdra third
multipole, with a constant qfs, is an octupole, etc. The influence of the higheitipoles (their participation in
the magnetic field generated by the coil) decliwéh distance. The influence can be significantgal distances
(e.g. 5 - 10 multiple of the dimensions of the xdior this reason, we attempt to suppress theehigtultipoles,
especiallyps, when designing the search coil. The search cmiésl in the calibration method described above
are designed as symmetrical cylindrical windingke- constants of the even multipoles are zero.aFsingle-
layer search coil, the constant of an octupoleei®,zwhen we choose the ratio of the coil’s leraytd diameter
V3/2. This ratio can also be used for the multi-taggarch coil, but the thickness of the windingsstralso be
taken into account.

Two special search coils for the calibration metldedcribed here have a cylindrical frame and a egspd
octupole. A special multi-layer search coil Nq.with a textit frame and with calibrated constigt= (1.3312+
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0.0011) M was used for measuring the adjustable magnetit fue inside solenoid No. 052 in the frequency
range up to 3 kHz. Search coil No, lias a coaxial connector, and its resonance freyuesue is 56 kHz. A
single-layer search coil No. EP 01/00 with a framede of material close to teflon and with calibdatenstant
Ks = (0.045394+ 0.000036) mwas used for measuring the magnetic field vals&@solenoid No. 1201 in the
frequency range from 3 kHz up to 50 kHz. The cotoreof this search coil is at a distance of 1 métem the
coil. The resonance frequency of EP 01/00 is 3. &M

V. Uncertainty analysis

The type B uncertainty of the calibration method kaveral components, as follows

Ugc = x/Uf2 +USe +URyG TUT HUL (10)
where u is the standard uncertainty of the frequemegyasurement, d is the uncertainty of the search coil
constant, wc is the uncertainty of the search coil output vgpdtaneasurement,us the uncertainty of the
directional dependence measurement of the seaiiclacd y, is the uncertainty of the influence of homogeneity
inside the solenoid in the volume of the probefdeawil. The maximum uncertainty value of the freqcy
measurement usually varies in the tens of ppm,t stan be neglected, because the other uncertaiates
essentially higher. The uncertainty of the seamih @nstant determined by calibration with varalwhutual
inductance (for search coil No, Knd EP 01/00) is 0.04 %. The uncertainty of therae coil output voltage
measurement is dependent on the specificationeoK#ithley 2001 digital multimeter, because itsumacy of
voltage range depends on the frequency of the me@dswltage value. The value ofu can liein the order of
hundredths to tenths of one percent. The valudefrieasured output voltage from the search cal @dpends
on the direction in which this coil is insertedarthe magnetic field. In principle, the value degeion cosp,
whereg is the angle between the axis of the search adilthe direction of the magnetic flux density vecithe
search coil must be set to the position where¢es1, which is the maximum value from the outputtfoé
search coil. For example, there is a differencabmfut 0.02 % from the true value of measured velfage =
1°, there is a difference of about 0.06 %dox 2°, and so on. This means that the value;@fa liein the order
of hundredths to tenths of one percent. The vafug, can be estimated in one of two ways. First, wetwan
measure B, but we measure it in the volume of the probefseanil. If we know the theoretical value of B
from (4) or (8) and we also know a number of mualEpconstantg,, p1, P2, Ps.-.,» Which characterize the search
coil, then the magnetic flux (the induced voltagelhe product of these variables. We can estirteteralue of
uy from the constants characterize homogeneity oftilenoid and from the multipole constapgspi, p2, Pa,
and so on. The second way is by mechanical integraif the magnetic flux density in the volume bkt
probe/search coil. This involves finding the averaglue of the magnetic flux density in the voluofethe
probe/search coil. The value of can liein the order of tenths of one percent. A total lmaliion expanded
uncertainty value of (0.4 up to 0.8) % for 2 can be achieved using this method.

V. Measurement results

The method described above was tested on a C.AypE analyser in the range of frequencies 50 Hzoup
50 kHz. The results are presented in Table 3, witeeemagnetic field value generated by the solei®id
calculated from the search coil constant and thasemed average value on the search coil output.

Frequency M agnetic field value Magnetic field Relativeerror of Expande(_j calibration
(H2) generatgd by the value measured by measured value uncertainty (k = 2)
solenoid (uT) C.A. 42 (uT) (%) (%)

50 500.00 502.70 0.54 0.8

150 500.00 502.70 0.54 0.6

500 800.00 807.20 0.90 0.5
1000 400.00 403.22 0.81 0.5
5000 100.00 100.11 0.11 0.4
10000 100.00 100.22 -0.22 0.4
20000 70.00 69.21 -1.13 0.6
30000 80.00 79.49 -0.64 0.6
40000 60.00 59.43 -0.95 0.7
50000 50.00 49.66 -0.68 0.8

Table 3. C.A. 42 calibration measurement resultiénrange of frequencies 50 Hz up to 50 kHz.
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VI. Conclusions

A method for calibration of magnetic field metensthe frequency range up to 50 kHz has been propdse
construction and the parameters of the solenoids special search coils are described and the wcrt
analysis is also presented. When a method witreeialpsearch coil is used, the calibration uncetyadlepends
mainly on the uncertainty of the search coil comistan the uncertainty of the measured output geltand on
the uncertainty of search coil placement in thetereof the solenoid. Homogeneity inside the soldmoist also
be taken into account. The measurement uncertagntyot dependent on solenoid parameters such as the
constant and the frequency dependence of its aun®acause the search coils described above veect far
below their resonance frequency, we can statetligasearch coils are frequency independent in éseribed
frequency range. The method was successfully tested C.A. 42 type analyser in the frequency raingen
50 Hz up to 50 kHz. The expanded uncertainty vékue 2) of the calibration method described hereesimn
the range of (0.4 up to 0.8) %. This method cowdibed with some changes and improvements in tige raf
frequencies up to 100 kHz.
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